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ABSTRACT 

 

The dynamics of charge injection in silicon nanocrystals embedded in a silicon dioxide matrix is studied 

using electrostatic force microscopy. We show that the presence of silicon-nanocrystals with a density of 

10
11

 cm
2

 is essential for strong localization of charges, and results in exceptional charge retention properties 

compared to nanocrystal-free SiO2 samples. In both systems, a logarithmic dependence of the diameter of 

the charged area on the injection time is observed on a time scale between 0.1 and 10 s (voltage  10 V). A 

field-emission injection, limited by Coulomb blockade, and a lateral charge spreading due to a repulsive 

radial electric field are used to model this logarithmic behavior. Once the tip is retracted, the electron cloud 

is strongly confined in the nanocrystals and remains completely static. 
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I. INTRODUCTION 

 

Silicon nanocrystals (Si-nc) exhibit remarkable charge retention properties in addition to excellent read/write 

performances, and are therefore potential candidates to replace poly-silicon in the floating gate of non-

volatile memories [1-3]. This article presents experimental evidence of confinement of charges in quantum 

dots, using samples containing Si-nc. The confinement is very efficient, and stabilizes a dense 2D-electron 

cloud against strong Coulomb repulsion. Specifically, we demonstrate here that: (i) quantum dots increase 

the maximum density of trapped electrons by a factor of 3 compared to homogeneous silicon dioxide, and 

(ii) the quantum dots density is the determining parameter for electron injection, whereas in the absence of 

dots the local inhomogeneities of SiO2 control the injection. 

The technique employed to characterize these electric properties is electrostatic force microscopy (EFM). It 

is based on atomic force microscopy [4] (AFM) and allows for non-destructive investigation of the electric 

properties of a sample at the nanometer scale, without the need for special sample preparation. The principle 

consists of using an AFM to successively inject and detect charges with the tip, with a resolution in air of 

only a few tens of elementary charges. 

First, the sample fabrication is described, and the characteristics of the nanocrystals are summarized. The 

technique of EFM in our experimental conditions is briefly described, along with the expected resolution. In 

the third section, the results of comparative experiments on the Si-nc sample and a reference SiO2 sample are 

described, and emphasize in particular the differences in reproducibility, retention time and electron density. 

In the section thereafter, we discuss the mechanism accounting for the spreading of the charges in the Si-nc 

sample while the biased AFM tip is in contact, and for the static situation once the tip is removed. 

 

 

II. EXPERIMENTS 

 

To emphasize the influence of the nanocrystals on the charge retention properties, a comparative study is 

carried out on two samples. One contains a layer of silicon nanocrystals on top of a silicon dioxide layer on a 

silicon substrate, and the second serves as a reference and does not contain a nanocrystal layer (see Fig. 1 for 

sample geometries). 

The 25-nm-thick, insulating silicon dioxide layer underneath ensures that injected charges do not leak to the 

grounded substrate. It is thermally grown on a (100)-oriented p-type silicon substrate that contains a boron 

impurity concentration of 10
15

 at. cm
3

. The nanocrystal sample is prepared by depositing a 3-nm-thick layer 

of silicon-rich-oxide (SRO) [5, 6] with low-pressure chemical vapor deposition (LP-CVD). Two precursor 

gases, SiH4 and N2O, are introduced in the chamber for the deposition of the SRO layer, at 515°C substrate 

temperature and a total gas pressure of 1000 mTorr. They react to form an amorphous SiOx film (x  2), 

which is then annealed during 10 min at 1000°C in nitrogen at ambient pressure. This induces a phase 

separation, resulting in the precipitation of crystalline silicon nanocrystals in a silica matrix. The density and 
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size of the Si-nc embedded in a SiO2 matrix depend critically on the ratio of the gas fluxes used during LP-

CVD. Previous high-resolution transmission electron microscopy studies have shown that Si-nc with a 

typical lateral dimension of 4 - 6 nm are formed, with a density between 10
11

 and 10
12

 cm
2

 Si-nc [7]. The 

Si-nc sample studied here exhibits a low concentration of silicon in the SRO layer, as measured by 

spectroscopic ellipsometry analysis [8]. We estimate the density of nanocrystals to be of a few 10
11

 cm
2

. 

Charging experiments are carried out in ambient temperature and pressure conditions using a commercial 

AFM [9].   

Throughout the experiments, a permanent flux of nitrogen ensures a low relative humidity (RH  15 %, limit 

of our commercial humidity detector) and avoids sample contamination and electro-chemical reactions 

during charging and charge evacuation paths on the surface [REF]. Under these conditions, topography 

modifications such as local nano-oxidation [REF], or rapid charge dissipation is not observed 

experimentally. As a result, reproducible experimental conditions are obtained, and this work does not 

address the influence of the humidity level on charge dissipation. 

Rectangular, W2C-coated tips [10] are used for sample charging and EFM characterization. The tips have 

spring constants below 1 N m
1

, and resonance frequencies between 36.8 and 52.1 kHz (measured data). 

We briefly describe here the technique of electrostatic force microscopy [8, 11]. The AFM is operated in 

amplitude-feedback (dynamic) mode, and the cantilever is excited mechanically near its resonance 

frequency. For the injection process, scanning is stopped and the AFM tip is brought into contact with the 

sample’s surface by reducing the amplitude setpoint to near zero. A voltage of 0 to 10 V is applied to the 

tip while the substrate is grounded. The injection time is varied between 100 ms and 10 s. For a negative tip 

voltage, electrons are injected, while a positive tip voltage leads to hole injection into the nanocrystals/silica. 

The exact injection conditions differ slightly for both polarizations, e.g. due to accumulation or depletion of 

the p-type substrate. We observed for our system that for holes, the number of injected charges is smaller 

than for electrons using the same absolute value of the tip voltage, corresponding to observations of 

Sugawara et al. [12]. In the present article, we limit the experiments and discussion to negative tip voltages 

and electron injection. 

The EFM signal used is the phase of oscillation as compared to the excitation. It is recorded at a lift height 

of 50 nm. The resolution in charge of the experimental setup has been determined to be of a few tens of 

elementary charges using a plane capacitor model following Schaadt et al. [13] and considering thermal 

noise as the main limitation in the accuracy of the measurement. The lateral resolution amounts roughly to 

the value of the lift height used during recording of the EFM signal: here about 50 nm [14]. 

 

 

III. RESULTS 
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For both the Si-nc sample and the reference SiO2 sample, the electron cloud is similar and exhibits a circular 

shape with a diameter of a few hundreds of nanometers (see Fig. 2a). The distribution of the charges 

presents a gaussian profile that can be attributed to the finite lateral resolution of the measurement (Fig. 2b). 

The reproducibility of the injection experiments at different sites, as well as the circular shape of the injected 

electron cloud, are in favor of a homogeneous distribution of the excess electrons at the relevant scales with 

respect to the tip resolution (compare with sample presenting kinetic roughening [8]).  

However, a fundamental difference arises in the charge retention time: whereas charges are detected for only 

about 5 min on the reference sample, they are still present after several hours for the Si-nc sample. The 

diameter of the cloud stays constant in both cases, although the intensity of the EFM signal progressively 

vanishes. This observation is corroborated by Ng et al. [15] in the case of surface charges. We have shown 

previously [8] that the density of nanocrystals is crucial for the retention properties. In the present article, the 

Si-nc sample exhibits a low density of nanocrystals and thus the longest retention. 

The circular shape of the electron cloud for both samples allows a systematic study over several experiments 

with the same injection conditions. To do so, we define two parameters of the cloud, as shown in Fig. 2b. 

The first parameter is the maximum phase shift max of the profile. The second parameter is the diameter D 

of the cloud, measured at half maximum. A repetitive injection experiment at 10 V during 3 s on different 

positions is performed successively on both samples, and the two parameters are measured. The diameter D 

and the max are reported in Fig. 3a and 3b, respectively. 

We observe that the diameter of the electron cloud is systematically smaller for the Si-nc sample than for the 

reference SiO2 sample, with an average value of ca. 200 nm vs. 370 nm respectively. Inversely, the 

maximum phase shift is systematically larger for the Si-nc sample, with an average value of 6.7° vs. 3.2° for 

the reference sample. Equally striking is the contrast in the reproducibility of the experiments: the Si-nc 

sample displays an excellent reproducibility with a standard deviation for the diameter of 8.4 nm (4.1 % of 

the mean value), whereas the reproducibility on the SiO2 sample is poorer with a standard deviation of 

34 nm (9.2 % of the mean). This contrast is emphasized for max, where the standard deviation amounts 

respectively to 0.32° (4.8 % of the mean) and 0.73° (22.8 % of the mean) for the Si-nc sample and for the 

reference sample. 

Having observed that the electron cloud is completely static after injection, we address the question of the 

spreading of the charges on the surface during injection. For this study, the diameter D is measured as a 

function of the injection time in the range of 100 ms to 10 s. Several AFM probes (Tips 1 to 4 in Fig. 4) with 

varying spring constants are used, and the applied injection voltage is either 6 V or 10 V. The results are 

reported in Fig. 4. 

In the presence of nanocrystals or not, the general behavior is the same: the increase of the diameter is slow 

and follows a logarithmic dependence on the injection time. The reproducibility of this logarithmic time 

evolution, independent from the injection voltage or used tip, implies that neither the spring constant nor the 

voltage (in the investigated range) play a role in the charge injection process. The logarithmic time 
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dependence furthermore indicates that theoretically the diameter will only reach saturation for an infinite 

injection time. However, the two samples differ in the initial value of the diameter (defined for an injection 

time of 1 s), which is, as mentioned before, smaller for the Si-nc sample (mean value: 185 nm vs. 320 nm). 

Moreover, the slopes are by far steeper for the SiO2 reference sample: they exhibit a mean value of 117.5 

against 22.6 for the Si-nc sample. Both the initial diameters and the slopes indicate that charges injected in 

the reference sample spread laterally over a larger distance. However, the standard deviations of the slopes 

show again a poor reproducibility of the injection experiments for the reference sample, with a standard 

deviation of 45 % from the mean value, vs. 16.4 % for the Si-nc sample. The spreading of the charges in 

SiO2 may have a lower characteristic time but presents a poorer reproducibility. 

 

 

IV. DISCUSSION 

 

A. Density of electrons 

 

The measurement of the electron cloud’s diameter and its maximum phase shift allows an estimation of the 

number of injected charges. To do so, the plane capacitor model established by Schaadt et al. [13] is used. 

The expression of the detected charge q: 

 

q =  [{ k (z  (a / SiO2))
3
 S 0 SiO2

2
} / {Q a

2
}]

1/2
,     (1) 

 

where k is the cantilever stiffness and Q its quality factor, z is the lift height, a the oxide thickness, S the 

surface of the electron cloud, 0 the permittivity of vacuum and SiO2 the relative permittivity of silicon 

dioxide. The minus sign accounts for electrons. The density of the injected electrons is then:  = q / S. To 

estimate this density for the Si-nc sample in the first experiment (Fig. 3), we take the average values of the 

diameter and of the maximum phase shift. The values of the other parameters are: k = 1 N m
1

, Q = 100, 

z = 50 nm, a = 25 nm, and S =  D
2
 / 4. An electron density of ca. 3  10

11
 cm

2
 is deduced, which is 

comparable to the nanocrystal density. This result is in good agreement with results reported by Guillemot et 

al. [16]. They found that the occupation level of the nanocrystals in a similar sample roughly equaled one 

electron per nanocrystal. In comparison, the density is about 3 times lower for the SiO2 sample. Thus, not 

only is the retention time tremendously increased in the presence of nanocrystals, but also the density of the 

electrons is sensibly augmented. 

 

More generally, we have determined that the electron density in the Si-nc sample always amounts at 

maximum to the nanocrystal density, independent from the injection time. In the following, we will assume 

that the electron density  equals the nanocrystal density in the electron cloud for the Si-nc sample. The 
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reason why we cannot inject charges more densely is most likely due to Coulomb blockade related to the 

very small capacitance of the nanocrystals. Taking the expression of the capacitance of a sphere of diameter 

d, we find: C = 2 0 SiO2 d, which amounts to ca. 10
18

 F for d = 5 nm. The charging energy e
2
 / C (e is the 

elementary charge), which is the energy needed to add a second electron on the nanocrystal, is then equal to 

160 meV. Although much smaller than the band offset between SiO2 and Si, this characteristic energy is 

much higher than any other energy related to thermal excitation (kB T = 26 meV at room temperature) or to 

quantum confinement. Coulomb blockade is then the determining mechanism, which drastically limits the 

insertion of a large number of electrons in a single nanocrystal. 

 

B. Size of the electron cloud 

 

Our experimental results show the existence of a saturating diameter of the electron cloud during injection. 

The potential difference between the sample surface and the tip in such a problem is clearly a crucial 

parameter. On the basis of elementary electrostatics, the electron cloud can be modeled as a charged disk 

with diameter D. Assuming a constant surface charge density, the potential difference V between the center 

of the disk and tip during injection, can be expressed as: 

 

V = Vtip  VSiO2  ( D / 4 0 SiO2),        (2) 

 

where VSiO2 is the initial potential at the surface of the 25 nm of oxide without Si-nc charging. At the onset of 

injection, when D = 0, V amounts to ca. -1 V for the Si-nc sample, assuming a homogeneous voltage drop 

across the Si-nc and the SiO2 layer. Equation (2) determines the maximum extension of the electron cloud, 

which is reached for V  0, i.e. when the injected charges compensate the tip potential. The maximum 

diameter is Dmax = (4  SiO2 / ) {Vtip  VSiO2 }. For an applied voltage Vtip = 10 V and a nanocrystal density 

of 3  10
11

 cm
2

, it follows that Dmax = 300 nm. Although this diameter estimate comes out of the most 

simple analysis, it appears from Figs. 3 and 4 that experimentally determined diameters are not very far from 

this limit in the case of the Si-nc sample. The injected charges create a surface potential that screens the tip 

voltage and suppresses field emission. Injection is gradually slowed down due to Coulomb blockade, which 

experimentally prohibits the presence of more than one electron per nanocrystal. 

In the case of the reference sample, the lower electron density implies that the diameter of the electron cloud 

be larger to compensate the potential difference with the tip. We determined that the electron density was 3 

times lower; therefore Dmax amounts to ca. 900 nm. Experimentally, we measure a diameter of up to 700 nm, 

which means that we have not yet reached electrostatic equilibrium. 

 

C. Role of the Si-nc 
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From the comparison of the electron density and the dimension of the cloud between the two types of 

samples, it is clear that the presence of Si-nc induces strong charge localization. To understand the transport 

mechanism and the retention time of the electrons in the Si-nc sample, let us compare the energy diagrams 

of both samples (see Fig. 5). The voltage applied between the AFM probe and the substrate produces a 

sufficiently high electric field, on the order of 10
7
 V m

1
, to inject charges through field emission into the 

conduction band of SiO2. The electrons can then reach energetically more favorable sites, such as impurity 

sites (concentration 10
15

 cm
3

) or defects of SiO2 (Fig. 5a). We observe that the electrons spread away from 

the injection site. Whether they tunnel to other impurity sites or diffuse along the surface of SiO2 cannot be 

inferred from our experiments. However, based on their recent experiments, Lambert et al. [17] come to the 

conclusion that the charges disperse in SiO2 through the traps. The fact that we do not observe an increase of 

the diameter of the electron cloud with increasing time after the tip is retracted, combined with a decreasing 

EFM signal, i.e. a slow disappearance of the electron cloud, is an indication that the electrons probably move 

into the volume of the silicon oxide until they reach the substrate. This situation is experimentally found to 

be modified by the presence of nanocrystals characterized by deep-lying energy levels, which may trap the 

electrons (Fig.5b). The low density of the nanocrystals (average spacing between two Si-nc: 10 nm) 

combined with the high potential barrier separating the conduction bands of Si and SiO2 (3.2 eV, see Ref. 

[18]) reduce the tunneling probability to practically null, once the charges are trapped into the Si-nc. 

Indeed, let us evaluate the tunneling rate  of the electrons between neighboring nanocrystals during 

injection. While the biased tip is in contact with the sample, a flow of electrons saturates all the available 

nanocrystals beneath the tip. Simultaneously, the trapped electrons create a radial electric field which tends 

to the explosion of the electron cloud (see for ex. Ref. [19] for theoretical evidence for Coulomb explosion). 

Considering our experimental conditions, i.e. an electron cloud of the order of 300 nm in diameter and an 

inter-crystal spacing of 10 nm, the radial electric field at the border of the cloud can be estimated to 

approximately 10
7
 V m

1
. That means that the voltage drop Vnc across two consecutive nanocrystals is on the 

order of 0.1 V. The tunneling current is defined by It = e  and the tunneling conductance by Gt = It / V. 

Gt is also expressed as (e
2
 / h), where e

2
 / h the Landauer’s single-mode quantum conductance and  the 

transmission coefficient. For small , the transmission through a rectangular barrier expresses as a function 

of the system parameters: 

 

 = (16 E / U0) exp (2 K W),          (3) 

 

where U0 is the potential well of the nanocrystal, E is the first energy level of the Si-nc, W is the distance 

separating two Si-nc and K is the wave vector in the oxide: K = (2 / h) {2 mSiO2(U0  E)}. mSiO2 is the 

electron effective mass in SiO2. Taking U0 = 3.2 eV, E  1/10 U0, W = 10 nm and mSiO2 = 0.32 m0 [18], we 

calculate that   10
45

. Hence,  = e T V / h amounts to some 10
32

 s
1

. This means that the characteristic 

tunneling time (= 
1

) is so huge that an electron, once trapped in a nanocrystal, will not be able to tunnel to 
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an empty neighboring nanocrystal despite the existence of a strong radial electric field. In conclusion, 

nanocrystals behave as static traps for electrons. Our experimental observations can therefore be cast into the 

simple scenario that, once a single electron is trapped into a Si-nc, it will never move out (on the time scale 

of injection) and the trap is full and saturated. 

 

D. Evolution with the injection time 

 

The only situation in the Si-nc sample in which the electrons propagate away from the injection site is 

during the injection itself. Once the injection is stopped, the electron cloud becomes static. The proposed 

charge injection mechanism involves a field emission type of injection that is screened progressively with 

the saturation with electrons of Si-nc underlying the tip. 

During the injection phase, the 25-nm-thick layer of SiO2 below the nanocrystals prohibits the direct passage 

from the tip to the substrate. All charges are trapped: either in the nanocrystals or the SiO2. The number of 

injected electrons q is related to the diameter D of the electron cloud by the expression: q = ( / 4) D
2
 , thus 

the current I flowing from the tip to the sample during the injection stage expresses as: 

 

I = dq / dt = ( / 2) D (D / t) .        (4) 

 

Given the strong electric field that is applied during injection, it is reasonable to assume that a field emission 

regime takes place. However, considering that injection takes place in the tunneling regime would 

essentially yield the same qualitative conclusions. According to the expression from Fowler-Nordheim [18], 

the current is: 

 

IFN  V
2
 exp ( / |V|)         (5) 

 

where V is defined in Eq. (2), and  is a positive constant. Combining Eqs. (4) and (5), the differential 

equation governing D can be retrieved: 

 

dD / dt  (2 /   D ) V
2
 exp ( / |V|)       (6) 

 

This equation does not provide a straightforward evolution of D versus the injection time. However, the 

asymptotical behaviors at short and long injection times can be evaluated. In the first moments of injection, 

when D is still small, dD / dt goes to a function proportional to 1/D, so that D tinj is proportional to  tinj. We 

have not observed this behavior and assume that it takes place on a time scale shorter than the one 

investigated, i.e.  0.1 s. On the other extreme, Eq. (6) presents an asymptote when V goes to 0 (or 

equivalently when D goes to Dmax, in this case dD / dt goes to 0. This limit, corresponding to saturation of 
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the charged area, is very much consistent with the experimentally observed logarithmic dependence on the 

injection time. Instead of a Fowler-Nordheim regime of injection, the use of a tunneling regime with a 

current proportional to the voltage drop would lead to the same limiting behavior of dD / dt. 

 

E. Reproducibility 

 

The last point we would like to address is the better reproducibility of the injection experiments in the 

presence of Si-nc. As it is observed in Figs. 3 and 4, the standard deviations of the parameters D and D max 

are systematically higher for the reference sample. This is a clear experimental observation and therefore a 

characteristic behavior in these experiments. Our analysis of the system and experimental conditions lead us 

to the conclusion that two factors are certainly at the origin of the low reproducibility in the reference 

sample: first, the nanoscale inhomogeneities that could affect the mobility of the electrons in the oxide. 

Second, the quality of the tip-sample contact during injection is low because the oscillation of the cantilever 

is not interrupted during injection. Therefore, the contact is not well controlled and the tip-sample tunneling 

conductance is not constant over all the experiments. In order to simply model this situation and extract the 

key parameter, we first consider that for the long time scale, the injection is of the tunneling type, which 

implies that the current I is proportional to the potential difference V through the tunneling conductance Gt: 

I = Gt V. This expression, combined with Eqs. (4) and (2) provide the evolution of the diameter when it is 

very close to its saturation (long time regime): 

 

D = Dmax {1  exp(t / )},         (7) 

 

where  = 2  0 SiO2 Dmax / Gt is a parameter dependent on Gt and , whereas Dmax is only dependent on . 

In the reference sample, a local change of the electron density  induces a change in Dmax as well as in . On 

the other hand, the homogeneous presence of nanocrystals locks the value of the electron density and 

therefore makes the experiments reproducible by fixing Dmax and . Therefore, we conclude that the 

inhomogeneities in SiO2 are responsible for the low reproducibility in the reference sample, and not the 

tunneling conductance controlled by the tip-sample contact quality. The fact that the tip-sample contact is 

not the key parameter makes sense because the contact is essentially the same in both cases for two main 

reasons: (1) all the AFM probes used in our experiments are issue from the same model and manufacturer 

(i.e. they present similar spring constants and tip radii), (2) the surface roughness is similar for the two 

studied samples (less than 5 nm). 

 

V. CONCLUSION 
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Using electrostatic force microscopy, we have compared the charge injection and retention properties of two 

different types of samples. The first contains a low density of silicon nanocrystals embedded in silicon 

dioxide, and the second contains only a thin SiO2 layer and serves as a reference sample. We have shown 

that in the presence of nanocrystals: (i) the retention time is significantly increased as compared to the 

reference sample and amounts to hours vs. minutes, and (ii) the density of stored electrons is tripled, and 

equals roughly to one electron per nanocrystal. The electrons are trapped lastingly in the nanocrystals 

because of the large energy gap difference between silicon and silicon dioxide (ca. 3.2 eV). Due to the small 

size of the nanocrystals, Coulomb blockade is strong and prohibits the presence of more than one electron 

per Si-nc for the relevant energy scales. However, as soon as injection is stopped, the strong radial electric 

field that initially allowed the electrons to spread laterally in the oxide reduces rapidly. Hence, the situation 

becomes static and the electrons are trapped in the nanocrystals without a possibility to tunnel to a 

neighboring nanocrystal. The exceptional charge retention properties of such Si-nc samples are of interest 

for the application in Si-nanocrystal non-volatile memories. 
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Figure Captions 

 

Fig. 1. (Color online) Geometries of the two samples. a) Reference, SiO2 sample. b) Sample containing 

silicon nanocrystals. 

 

Fig. 2. (Color online) a) 1  0.5 m
2
 EFM image of injected charges on the nanocrystal sample. The darker 

area indicates the presence of excess electrons. b) Profile across the electron cloud, characterized by its 

maximum phase shift max and diameter D (full-width-at-half-maximum). 

 

Fig. 3. (Color online) Repeated injection experiments of –10 V / 3 s on different positions of the Si-nc 

sample and the reference sample. a) Measured diameter D. b) Measured maximum phase shift max. 

 

Fig. 4. (Color online) Evolution of the diameter of the electron cloud with the injection time. The symbols 

are the experimental data points and the lines are the least-square fits. a) Injection experiments performed on 

the Si-nc sample. b) Injection experiments performed on the reference SiO2 sample. 

 

Fig. 5. (Color online) Energy diagrams of the 2 samples. a) In the SiO2 sample, the injected electrons are 

trapped into the energetically low-lying but densely concentrated sites. b) In the Si-nc sample, electrons 

eventually reach the energetically deep-lying nanocrystals where they are trapped lastingly. 
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