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In this paper, we present a quantitative method to measure charge density on dielectric layers using

electrostatic force microscopy. As opposed to previous reports, our method, which is based on force

curve measurements, does not require preliminary knowledge of the tip-sample capacitance and its

derivatives. Using this approach, we have been able to quantify lateral and temporal SiO2 surface

charge distribution and have unveiled a gate-induced charge redistribution mechanism which takes

place in the vicinity of grounded electrodes. We argue that this mechanism constitutes a dominant

factor in the hysteresis phenomenon, which is frequently observed in the transfer characteristics of

nano-scale devices. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4761981]

I. INTRODUCTION

One promising direction for the transistors of the future

involves nano-scale electronics, in which the active part of

the device is of nano-scale dimensions. One example of such

devices is carbon nanotube field effect transistors

(CNTFETs), which have been the subject of many studies

due to their excellent performance and high sensitivity to

various analytes. Still, there are some unresolved issues

related to their gate-modulated conductance, commonly

measured through their transfer characteristics. During these

measurements, appreciable hysteresis has often been

observed between the forward and the reverse sweeping

directions of the gate voltage, resulting in erroneous estima-

tion of the device properties. Since hysteresis involves the

movement of charges, it is appealing to use electrostatic

force microscopy (EFM) in order to gain additional informa-

tion regarding this phenomenon.

EFM is a powerful scanning probe technique that can be

used to perform non-destructive, local electrostatic force

measurements on a submicrometric scale. In the last decade,

EFM has been used to explore a wide range of electrical

properties, among which surface potential, contact poten-

tial,1 charge distribution,2–4 dielectric constant,5 and con-

ducting properties.6–8 EFM has also been used to inject

charge and study its distribution in various types of samples,

such as Co and Si nanoclusters embedded in conductive9 and

non-conductive substrates,10,11 semiconductor nanopar-

ticles,12 oxide13,14 and alumina films,15 quantum dots,16,17

and carbon nanotubes.18,19

Briefly, EFM is a dual pass technique: in the first line

scan the tip operates in tapping mode, acquiring a topogra-

phy profile of the sample surface. In the second line scan

(interleave), the topographic data are used to retrace the first

scan while the tip travels at a defined height above the sur-

face. During the second scan the cantilever oscillates at its

resonant frequency, and a DC voltage is applied to the tip

with respect to the substrate. The phase difference between

the driving force and the observed oscillation of the tip is

measured as a function of the tip position. This phase, /, is

proportional to the gradient of the force F between the tip

and the sample in the vertical direction z

/ ¼ �Q

k

@F

@z
; (1)

where Q is the quality factor and k is the spring constant of

the tip.

Possible system configuration which we have adopted in

this study and is relevant for understanding the hysteresis phe-

nomenon and temporal charge distributions consists of surface

charge which is deposited on an insulating layer (for example,

SiO2) lying on top of highly doped silicon back gate. Previous

studies have shown that the total electrostatic forces acting

between an EFM tip and a substrate are composed of capaci-

tive forces associated with the tip-sample potential difference

and Coulombic forces induced by the static charges on the

surface. A generalized expression is given by

@F

@z
¼ 1

2

d2C

dz2
ðDV2Þ þ aðDVÞQs þ bQ2

s ; (2)

where C is the capacitance between the tip and the sample,

DV is the tip-sample potential difference, Qs is surface charge,

and a and b are coefficients which depend on z and on C and

its derivatives. A wide variety of versions for this generalized

equation exists in the literature, differing in a and b defini-

tions. For example, in paper by Jesperson and Nygard20

a ¼ 1

2pe0z2

C

z
� 1

2

@C

@z

� �
;

b ¼ A

2pe0z3
;
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where e0 is the vacuum permittivity and A 2 ð0; 1Þ describes

the relative distribution of the image charges between the tip

and the substrate.

One problematic point in Eq. (2) lies on how one deter-

mines C and its derivatives, as the tip-surface configuration

is geometrically complex. Many authors have tried to over-

come this obstacle by using the plane-plane capacitor model,

in which

C ¼ Se0

zþ t

es

; (3)

where S is the effective plate area, e0 is the vacuum permit-

tivity, and t and es are, respectively, the thickness and the

dielectric constant of the insulating layer. However, this sim-

plification is of course far from being accurate and raises yet

another difficulty: the determination of an equivalent plate

area S. A different approach was adopted by Hudlet et al.,21

who proposed an analytical model to determine the tip-

surface force. However, the obtained expression applies only

for metallic surfaces and is approximated as well. When we

tried to use it to determine the capacitance between the tip

and a gold surface, we found it to be only partially compati-

ble with our data.

A second obstacle arising from Eq. (2) is the determina-

tion of the effective tip-sample separation distance z. In the

literature, z is often set as the apparent lift height (z0) in

which the second EFM scan is conducted. However, the

apparent height changes while the tip-sample voltage is

being modified. Therefore, if the surface is charged, the

topographic data of the first scan might be erroneous, result-

ing in z0 which is considerably different than the real separa-

tion distance z.

Below we present an alternative method to gain quanti-

tative information on surface charge without the need to use

the tip-surface capacitance and its derivatives. Furthermore,

since our method involves performance of dynamic force

curves measurements over the charged substrate, we are able

to extract the accurate vertical distance z from the piezo dis-

placement and the tip deflection. Having developed this

method, we use the capabilities of the EFM to image migrat-

ing surface charge on SiO2. We have found that redistribu-

tion of the charge is a direct result of the gate bias, it takes

place in the vicinity of electrodes due to the formation of lat-

eral electric fields, and it is strongly influenced by humidity.

Since the accumulating charge can gradually screen the gate,

we argue that non-passivated nano-devices, which are fre-

quently used for sensing applications, such as CNTFETs,

can be influenced by this phenomenon and suggest that gate-

induced surface charge redistribution is partially responsible

for the hysteresis in such devices. Our model is confirmed by

simulations performed with a finite element analysis soft-

ware (COMSOL Multiphysics 4.2a), and its implications are

discussed.

II. EXPERIMENTAL

Force curves measurement technique consists in record-

ing the cantilever deflection when the tip approaches at

constant speed towards the surface, above a fixed point of

the sample, and then retracts. During this measurement the

feedback loop is turned off. Combining the piezo movement

and the tip deflection enable us to determine the exact loca-

tion of the tip above the surface. Other tip parameters, such

as amplitude and phase, are also recorded as a function of z

during the force curve measurement. Standard EFM phase

measurements (lateral scans at a fixed z) were performed as

described in the main text.

The samples we used had 500 nm of thermally grown

SiO2 layer on top of highly p-doped Si substrates. Pairs of

electrodes (5\40 nm Cr\pt) with 10 lm gaps were patterned

using photolithography techniques. All experiments were

performed in ambient conditions; ambient humidity was

monitored using a conventional humidity sensor. Ozone

treatment was performed in 120 �C for 10 min.

Experiments were performed on a commercial AFM

Nanoscope V Dimension 3100 from Veeco Instruments. The

cantilevers we have used were manufactured by Mikro-

Masch, with triangular shape, 200 lm in length and 40 lm in

width, nominal spring constant of 3 N/m, and resonant fre-

quencies in the range of 45-75 kHz. The quality factor Q is

approximately 250. The tips were made of Si coated with

Cr-Au to ensure a metallic behavior, and their nominal ra-

dius of curvature is less than 50 nm. A schematic representa-

tion of the experimental setup is depicted in Fig. 1.

III. RESULTS AND DISCUSSION

Fig. 2 shows a schematic of the tip-charged sample con-

figuration. The static surface charge density Qs on the sur-

face of the SiO2 induces image surface charge densities Qtip

and Qg on the tip and the gate, respectively. Taking the two

series capacitors (where C0 and Cox are the tip-surface and

surface-gate capacitors, respectively) as well as the energy

associated with the power sources into consideration, the

total energy of the system per unit area can be expressed as

follows:

e ¼ 1

2

Q2
g

Cox
� VgQg þ

1

2

Q2
tip

C0

� VtipQtip: (4)

Imposing charge conservation and Kirchoff’s law, one

can express Qtip and Qg as a function of Qs and the external

biases

FIG. 1. A schematic of the experimental setup.
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Qtip ¼
�C0Qs þ C0CoxðVg � VtipÞ

C0 þ Cox
;

Qg ¼
C0

C0 þ Cox
ð�Qs þ C0ðVg � VtipÞÞ:

(5)

Inserting these expressions of Qtip and Qg back into the

energy expression (Eq. (4)) and taking the second derivative

with respect to z, yield the final result

@F

@z
¼ � 1

2ðCox þ C0Þ3
ðQs þ CoxðVg � VtipÞÞ2

� �2

�
@Cox

@z

�2

þ @
2C0

@z2
ðCox þ C0Þ

" #
: (6)

For a given distance, z, C0 is constant, and the obtained

expression depends quadratically on ðVg � VtipÞ. Once the

minimum of the parabola is found, the calculation of the sur-

face charge per unit area, Qs, is straightforward

Qs ¼ �CoxðVg � VtipÞmin

¼ � e0eox

t
ðVg � VtipÞmin: (7)

The same expression for Qs (but with a different deriva-

tion) can be found in Marchi et al.22 It should be mentioned

that the same derivation and final expression apply for

charge which is uniformly spread in the bulk of the SiO2 as

well (Q ¼ qt).
In order to confirm the validity of Eq. (6), force curve

measurements using different tip voltages were performed

on a pristine, highly doped silicon wafer with 500 nm ther-

mally grown SiO2. Since this wafer did not pass any process

at all, we expected to have no surface charge distribution,

whatever. First, the measurements were performed while

applying zero voltage to the gate, Vg (Fig. 3(a)). Next, a volt-

age of þ2 V was applied to the gate, and the measurements

were conducted again (Fig. 3(b)). One can observe that for

zero gate voltage, the curves for Vtip ¼ þ2;�2 V are nearly

identical, and likewise the curves for Vtip ¼ þ3;�3 V. When

applying a voltage of Vg ¼ þ2V, on the other hand,

the Vtip ¼ �1;þ5 V curves become identical, same as the

Vtip ¼ þ4; 0 V curves. To clarify these results further we

depict @F=@z as a function of Vg � Vtip for z¼ 100 nm, and

for Vg ¼ 0 V and Vg ¼ 2 V, in Figs. 3(c) and 3(d), respec-

tively. The dependence is indeed parabolic, and one can

observe that the minima of the parabolas are very close to

0 V (0:05560:014 V and 0:04160:012 V for Vg ¼ 0 V and

Vg ¼ 2 V, respectively), i.e., Vg ’ Vtip, as expected accord-

ing to Eq. (6) in the absence of surface charge (we ignore

small work function difference between the tip and the sili-

con substrate).

However, on the same wafer that undergoes 10 min of

ozone treatment the results were different. Fig. 4 depicts

@F=@z vs the potential difference, Vg � Vtip, for zero gate

bias. It is evident from the data that the parabola minimum is

located at Vtip ¼ �0:4660:078 V, which implies surface

charge density of Qs ¼ �3:22� 10�965:38� 10�10C=cm2,

which is a typical value for ozone cleaner. For more aggres-

sive treatment in oxygen plasma the shift in the parabola

minimum was much bigger, indicating larger surface charge

which accumulates on the substrate.

Having confidence with the discussed method, we can

address the question regarding the influence of the gate on

nano-scale transistors. For that purpose, we performed force

curve measurements on a sample on which a pair of electro-

des was lithography patterned. These two electrodes were

grounded, and the measurements were performed for three

different Vg : 0V;þ2V;�2V and were taken approximately

in the center of the gap between the electrodes. Data of

@F=@z at z¼ 100 nm are shown in Fig. 5 as a function of

Vg � Vtip. One can observe that when Vg ¼ 0 V, the parabola

is nearly symmetrical around the Vg � Vtip axis, indicating

a minute amount of local charge on the surface, as in the

case of uncharged samples (Qs ¼ �2:89� 10�1069:24

�10�11C=cm2). However, when a voltage is applied to the

gate, clear shifts are visible in the minima of the parabolas,

indicating that charge has been redistributed on the

surface of the sample at the examined point (Qs ¼ �1:12

�10�861:75� 10�9C=cm2 and Q ¼ 9:59� 10�961:42

�10�9C=cm2 for Vg ¼ þ2 V and –2 V, respectively).

Interestingly, for low gate voltages, this induced surface

charge depends linearly on Vg. Fig. 6 depicts the resulted Qs

for different Vg measured between two grounded electrodes.

The red triangles were extracted from the force curve-based

method we have introduced before. The green squares were

found using conventional EFM phase imaging at z¼ 100 nm

above the surface and extracting Qs from Eq. (6) using the

plane-plane capacitor approximation. The black circles were

measured in the same method as for the green squares, but

omitting the Q2
s term from Eq. (6) when calculating Qs as

has been done in a number of previous studies.23–25 It can

be seen that the results which are derived from the force

curve-based method are in reasonable agreement with the

results obtained from the standard EFM measurements as

long as Qs is calculated using Eq. (6) as a whole. The slight

dissimilarity observed between the two sets of results prob-

ably arises from the tip-plane capacitor approximation, as

well as from inaccurate value of the height, z, above the

sample where the standard EFM phase measurements have

been performed. When the Q2
s term is omitted, however,

results are erroneous, as expected, with an increasing error

as Vg increases.

FIG. 2. Schematic representation of the tip-charged sample system

configuration.

084329-3 Pascal-Levy et al. J. Appl. Phys. 112, 084329 (2012)



FIG. 4. @F
@z at z¼ 100 nm as a function of Vg�Vtip (Vg ¼ 0 V; Vtip ¼ �4; –3,

–2, –1, 0, 1, 2, 3, 4 V), for a wafer which has undergone 10 min of ozone

treatment. Error bars are smaller than the markers.

FIG. 5. @F
@z at z¼ 100 nm as a function of Vg�Vtip for Vg ¼ 2 V (red squares),

0 V (green circles), and �2 V (blue triangles). Vtip ¼ �3; –2, –1, 0, 1, 2, 3 V.

Error bars are smaller than the markers.

FIG. 3. @F
@z as a function of z for different Vtip values, for Vg ¼ 0 V (a) and Vg ¼ 2 V (b). @F

@z at z¼ 100 nm as a function of Vg�Vtip for Vg ¼ 0 V; Vtip

¼ �3;�2;�1; 0; 1; 2; 3 V (c) and for Vg ¼ 2 V; Vtip ¼ �1; 0; 1; 2; 3; 4; 5 V (d). Error bars are smaller than the markers.
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The induced surface charge distribution which depends

on gate voltages immediately hints towards temporal de-

pendence as well, and a possible cause for the hysteresis phe-

nomenon in nano-scale systems. In order to unveil the

mechanism through which Vg induces surface charges on the

SiO2 surface, additional experiments were conducted.

First, we preformed measurements of the charge distri-

bution in between two grounded electrodes as a function of

time, upon changing Vg from 0 V to �2 V at t¼ 0 s. Charge

measurements were performed using the force-curve based

method, as was described previously. As shown in Fig. 7(a),

charge accumulates at the examined point according to

Qs / 1� e�t=sðR2 > 0:998Þ, indicating an electrical drift-

based process. At 500 s, the amount of accumulated charge

is approximately 1:5� 10�861:5� 10�9C=cm2. We

repeated the measurement under different ambient humidity

conditions (Fig. 7(a)) and found that while the exponential

dependence was maintained in all of the measurements, s
reduced drastically when the humidity percentage increased.

In order to further explore this matter, we covered the SiO2

surface between the electrodes with a thin layer (<100 nm)

of PMMA that was baked on a hot plate for 24 h in order to

remove any residues of water and preformed the measure-

ment again. This time, the extracted charge density was ten

times smaller than before and remained constant throughout

the measurement (Fig. 7(a)). These results suggest that water

molecules that adhere to the surface in ambient conditions

facilitate the movement of mobile charges on the SiO2. This

observation is in agreement with previous findings, which

have reported that humidity affects hysteresis signifi-

cantly.26–28

Similar curves to those depicted in Fig. 7 were found

when the gate bias was swept back from �2 V to zero. How-

ever, instead of charging behavior, Qs decayed exponentially

with time, which again reflects the significance of the lateral

electric fields distribution. These electric fields will depend

on the distances from the grounded electrodes as well.

Therefore, another experiment was designed to examine the

effect of these distances on the charge accumulation process.

As before, Vg was changed at t¼ 0 s from 0 V to �2 V, and

the accumulated charge was measured as a function of time

at different distances from a single grounded electrode (Fig.

7(b)). One can observe that s increases as the distance from

the electrode increases as well. At a distance of 20 lm from

the electrode, charge does not accumulate at all, as was the

case in the absence of grounded electrodes (see Fig. 3).

Although the probability of field emission of charge

from the electrodes to the surface is extremely small because

of the relatively low external applied voltages, we performed

an experiment to examine this possibility. Previously we

reported that covering the whole sample with a thin layer of

PMMA and baking it for 24 h reduced completely any tem-

poral changes in the charge accumulation. This time, the

electrode itself and the area adjacent to it were passivated

with a thick layer of photoresist, baked for 24 h, and the

same measurement was repeated. As expected, the same ex-

ponential temporal dependence of the surface charge was

observed, indicating that field emission is not the mechanism

responsible for the gate induced charge accumulation

phenomenon.

FIG. 6. Qs calculated in 3 different ways: (1) extracted from the parabolas

obtained for each Vg using the force curve-based method (red triangles), (2)

calculated from Eq. (6) after measuring the phases using a standard EFM

measurement for each Vg (green squares), (3) same as 2, but this time omit-

ting Q2
s term from Eq. (6) (black circles).

FIG. 7. (a) Measured Qs between the two electrodes as a function of time

upon applying Vg ¼ �2 V (at t¼ 0 s) for different humidity conditions.

QsðmaxÞ ¼ 1:5 � 10�8 C
cm2. Continuous lines are best fits to exponential time

dependence, (b) Qs�Qi

Qend�Qi
as a function of time upon applying Vg ¼ �2 V (at

t¼ 0 s) at different distances from grounded electrode, as labeled in the plot.

Qi and Qend are the initial and final measured Qs. Continuous lines are best

fit to exponential time dependence.
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The data presented above suggest that gate-induced sur-

face charge redistribution phenomenon takes place only in

the vicinity of grounded electrodes and is assisted by water

molecules. Furthermore, it has been shown that this charge

accumulation process is an electrical drift based process.

Since the possibility of field emission of charge from the

electrodes to the surface was ruled out, we argue that the

observed phenomenon results simply from redistribution of

charge which already exists on the surface upon applying

gate bias.

To elucidate the above mentioned observations, we pro-

pose the following model: Applying non zero gate bias

results with lateral electric field lines in the vicinity of metal-

lic electrodes. Under these lateral electric fields, opposite

signed mobile charge drifts across the SiO2 surface and grad-

ually screens the gate. This movement of the charges is

facilitated by the water layer which exists on the sample sur-

face at ambient conditions and results in a lower energetic

configuration of the electric field lines in the system. A sche-

matic of this gate-induced charge distribution process is

given in Fig. 8.

A simplified model for the temporal charging and de-

charging phenomena can be described as follows: a thin slab

on top of the sample surface between the two electrodes

behaves as two leaky capacitors. For each capacitor one plate

is near one of the electrode, and the other plate is in the mid-

dle between the two electrodes. If qðtÞ is the charge density

per unit area on one of the plates, then using continuity,

Ohm, and Gauss equations one can write the following

expression:

dqðtÞ
dt
¼ �J ¼ �rEx ¼ �r

q
e0eox

; (8)

where J, r, and Ex are the current density, conductivity, and

lateral component of the electric field in the slab, respec-

tively. The solution for this equation has an exponential

behavior which is consistent with the experimental results

exhibited so far, with time constant, s ¼ e0 eox=r.

However, in this derivation, a simplified assumption

was done in the relation between Ex and q. Thus, in order to

examine the validity of the model more accurately, we used

a finite element analysis software (COMSOL Multiphysics

4.2a) to perform physical simulations of our system. The

obtained results confirm our model very well: Fig. 9(a)

shows a snapshot of the electrical potential and electrical

field lines in the vicinity of one of the electrodes after a pe-

riod of time which corresponds to half way through the

charge accumulation process. One can see that the charge on

the SiO2 surface move in the expected direction, with expo-

nential time dependence, which eventually results in screen-

ing of the gate potential. Fitting the simulated data to the

experimental one (performed between the two electrodes

with 65% humidity) yields the conductivity of the

FIG. 8. Schematic presentation of the suggested model. (a) Upon applying

Vg to the gate, electric field lines are created in the system due to the charged

electrodes. Under the influence of their lateral components, surface charges

start drifting and redistributing across the SiO2. This movement is assisted

by water layers on the surface. (b) Final surface charge distribution.

FIG. 9. Simulation results. (a) A snapshot of the electrical potential (color

plot) and electrical field lines (white lines) in the vicinity of one of the elec-

trodes half way through the charge accumulation process while applying

Vg ¼ �2 V to the gate electrode. (b) Experimental charge accumulation vs

time (red) and simulation results (blue).
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SiO2; r ¼ 4:1� 10�1263:5� 10�13ðS=mÞ, with r as a sin-

gle fitting parameter for the exponential time dependence

(see Fig. 9(b)). The reported range of SiO2 conductivity is

r ¼ 10�12 � 10�16ðS=mÞ, which is in good agreement with

our result. We suggest that the relatively improved conduc-

tivity in our system is caused by the water layer which exists

on the surface of SiO2 in ambient conditions.

IV. CONCLUSIONS

In the present study we have developed a force curve

EFM based method to gain quantitative information on the

temporal and lateral distribution of surface charges on insu-

lating layers. In previous reports, it has been necessary to

determine the tip-surface capacitance and its derivatives in

order to perform quantitative analysis of the surface charge

distribution. This has been a problematic task (as the tip-

surface configuration is geometrically complex) that resulted

in inevitable approximations which have rendered the quan-

tification of the charge less accurate. The use of the sug-

gested method makes the need to determine the tip-surface

capacitance and its derivatives unnecessary. Furthermore, it

also enables the accurate determination of the vertical dis-

tance between the tip and the surface, a parameter which is

critical for the correct quantification of the charge as well.

Using this method, we have been able to quantify spatial

and temporal SiO2 surface charge distribution under differ-

ent humidity conditions and proved that the gate voltage

compliance induces surface charge redistribution which

takes place in the vicinity of grounded electrodes and is

assisted by water molecules. This redistribution process, dur-

ing which opposite-signed mobile charge drifts across the

SiO2 surface and gradually screens the applied external gate

voltage, is derived by the lateral components of the electric

field in the vicinity of the electrodes and results in a lower

energetic configuration of the electric field lines in the sys-

tem. The temporal behavior for this phenomenon follows ex-

ponential time dependence with a single time constant which

is inversely proportional to the surface conductivity and hu-

midity. A finite element analysis, performed with COMSOL

Multiphysics software, supports our conclusions. We believe

that the hysteresis phenomenon which is often observed in

nano-scale devices and systems at low sweeping gate vol-

tages and has remained an unresolved issue so far is largely

caused by this phenomenon.

Moreover, various sensing mechanisms that were sug-

gested for nano-scale devices on top of insulating substrates

should be reconsidered regarding our results. We argue that dif-

ferent analytes that modify the transfer characteristic of nano-

devices, such as carbon nanotubes or silicon nanowires, may al-

ter the insulating substrates conductivity and, as a result, affect

the device conductance. This possibility paves the way to much

more sensitive detectors that are sensitive to the substrates con-

ductivity and not only to their own sensing area.
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