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Résumé. La Microscopie à Force Atomique en mode résonnant est un outil bien adapté à la

me~ure de~ caractéridique~ locale~ de~ surfaces par exemple, analyse quantitative des forces

électriques créées par 1application d'une différence de potentiel entre la pointe conductrice du

micro,cape et une surface en regard, permet de déterminer la capacité pointe/surface et le travail de

wrtie local de la ~urface. Toutefois cette analyse réclame un modèle adapté à chaque système. Cet

article a pour but de calculer, dans un modèle géométrique simple, interaction pointe/surface
dans le cas d'une pointe métallique et d'une surface ~emiconductnce et de décrire ~es variations en

fonction du potentiel appliqué et de la distance pointe-surface No; résultats montrent que ce~

forces présentent une grande nche~~e de comportement~ que nous avons axsocié~ aux différent~

régimes (accumulation, déplétion, invemioni du semiconducteur et que le~ modèles ~imples qui

décrivent le ~ystéme pointe/surface comme une capacité passive ,ont inapproprié~.

Abstract. The Atomic Force Microscope used in resonant mode is a powerful trot to mea~ure

local surface properties : for example, the quantitative analysi~ of the electncal force~ induced by

the application of an electncal tension between a conductive microscope tip and a surface in front

allows the determination of the tip/surface capacitance and of the local surface work function.

However, this analysi~ needs a well adapted model for each type of surface. In this paper, we

calculate, with a ~imple geometncal model, the tip-surface interaction for
a metallic tip and a

semiconducting ,urface and we descnbe its variation with the applied tension and the tip/surface

distance. Dur re~ult~ ~how different kinds of behaviour that we are able to associate with the

different semiconductor regimes (accumulation, depletion, inversion). Therefore, it is net po;sible

to descnbe thi~ tip-surface system as a paiive capacitance.

l. Introduction.

As device dimensions are reduced, the measurement of semiconductor electronic properties on

a submicron scale becomes a challenge. In particular, the device performance depends

(*) CNRS UA17.
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critically upon the dopant distribution on the nanometer scale. Unfortunately, the standard

semiconductor characterization techniques, well adapted for large scales, do net allow such

measurements. From this point of view, the development of the scanning probe microscopy
promises a better characterization of these materials.

Among these kinds of microscopy the Atomic Force Microscopy in the Resonant Attractive

mode (AFMR) offers the best opportunities. Indeed, it allows one to measure electrical

parameters and topography simultaneously [1, ?].

In AFMR, a cantilever is excited at its resonance frequency il, a tip being locaied at its end.

The force gradients between tip and sample shift this resonance frequency and induce a

variation in the vibration amplitude of the cantilever. The resultant vibration is measured by
using optical heterodyne detection and the signal is used in a feed-back loop to control the tip-
surface sample distance. Topographic surface images are thus obtained at constant force

gradient. Moreover, by applying a modulated bras voltage Vlw between tip and sample,
added capacitive forces are applied on the tip [2]. These forces induce cantilever oscillations at

w or 2
w

which can be measured. The magnitude of these induced oscillations depends on the

intensity of the capacitive forces which are controlled by the electronic characteristics of the

studied semiconductor surface (dopant concentration), thus, using a tip-sample interaction

model, these quantities can be extracted from experimental results.

Several experiments, presenting instrumental opportunities, have been performed by using
this new instrumentation. Different kinds of investigations have been carried out, essentially
dopant concentration [31, surface photovoltage [41 and potentiometry measurements [5~ 6].

Theoretical models have been developed to interpretate the tip-surface electrostatic forces

quantitatively and to obtain precise information on the surface electronic properties.

A simple model has been proposed by Rugar et ai. [2] in the case of metallic tip and metallic

surface (called menai/metal case in the following). In this model~ the tip-~urface system is

represented by a passive capacitance. They calculate the electrostatic energy of such a system

and evaluate the forces using the virtual work method. They conclude that precise information

about tip-surface capacity, contact potential and located charges on the ~urface cari be obtained

from these measurements.

This model has been extended by Abraham et ai [3] to the ca;e of a semiconductor surface

imetal/semiconductor case). They have proposed a model in which the forces between metallic

tip and semiconductor surface are directly extrapolated from the case of a metallic surface. The

tip-surface system is modelled by an effective capacity C~jj due to the air gap, oxide and

surface space-charge region near the semiconductor surface. Although this model introduces

for the first time in AFM studies, the characteristic behaviour of semiconductors in an electric

field, it unfortunately sufferq qome inconvenients and doe~ not give the correct expression for

the electrostatic force. In particular, the procedure used to derive the tip-surface force from the

electrostatic energy only introduces the variations of the air capacitance with the tip-surface

distance and neglects those of the space-charge distribution characteristic length.

A second model has been proposed by Huang et ai. [7] who report a numerical calculation of

the force. Their results are presented as formai and unclear expres~ions without intermediate

derivations allowing a useful discussion.

In this paper, we propose a simple model to calculate the forces between a metallic tip and a

semiconductor surface, a model which allows us to extract quantitative information from the

experimental results. This model is developed in section 2. In section 3, we present the

calculated variations of the induced forces with the externally controlled bras voltage and the

tip-surface distance. The procedures required to extract the contact potential Vc, the tip-
surface distance = and the local dopant concentration N~ from the experimental curves are

described and discussed.



N° II FORCES BETWEEN A METALLIC TIP AND SC SURFACES 1727

2. Electrostatic force between metallic tip and semiconductor sample.

The electrostatic force on a conducting tip held close to a semiconductor surface is calculated

classically. The tip-surface system is modelled by two semi-infinite parallel plane surfaces,

separated by a distance z (Fig. ). Then the charge distribution in the semiconductor can be

considered as one-dimensional.

z z z

o o

)L~

x x x

la) 16)

Fig. l. ai Metal tip/metal ~urface ca,e. b) Metal tip/~emiconductor,urface.

Notice that these assumptions are very strong since the dimensions of the tip are very small

and that lateral effects can be expected. However, this simple model is very useful to obtain a

qualitative understanding of this physical situation and gives an efficient iool to interpret the

experimental data ,emi-quantitatively.
Before calculating the electrostatic tip-surface forces in the case of the metal/semiconductor

system, it i~ convenient to recall the case metal/metal in the same geometry (Fig. la).

The electrostatic energy of this system per unit area, U, is given by

~ ~~ Iii

where Q iq the charge per unit area located on the tip, V is the potential difference applied

between the tip and the sample and Cj
=

Fjj/z is the associated capacitance per unit surface.

Following the virtual work method, the force applied on the tip is calculated as the derivative

of U taken with respect to =~ the electnc charge Q being maintained constant.

The expression obtained for the attractive electrostatic force is given by

F
=

~~
=

~~
=

~~ ~~
(l

à° Q 2 Fii 2 En
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Moreover, if the potentiel difference V is given by

i~
~

i~u + ~'c + vi sin wt

where Vc is the local contact potentiel difference between the tip and the surface and the

applied voltage consists of a de component, Vjj, and an ac component, Vj, with

~ « Vjj. Then this capacitive interaction induces three forces a constant force Fjj and two

sinusoidal forces F
w

and F, (2
w

)

Cl
~~u

= ~ (i~ii + i~C )~ (~. Il
~ii

Ci
Fi (w

=

(Vii + Vc V sin wt (? ?j
Eu

F,(2 WI
=

~~
V) cos 2 wt. (2.3)

4

o

These forces induce cantilever oscillations at w
and ?

w.
Some tip-surface electric

characteristics con be obtained from the measurements of the magnitude of these oscillations.

For instance. the amplitude of Fj(w ), which is proportional to (Vu + ~'c) ilj, offers the

opportunity to measure the local contact potential difference between tip and surface.

Following a procedure similar to the Kelvin method, the de voltage level is varied until the ac

induced vibration of the cantilever at w is zero. At this point, Vc
=

Vjj. Thus, using this

procedure, the local contact potential difference between a tip and a metallic surface can be

evaluated with high spatial and voltage resolution.

In the metal/semiconductor case, the force calculation is les; direct since the surface charges

are non directly proportional to the applied bras voltage. The tip-surface capacitance iq not

passive and the force determination requires an adapted procedure.
In the following, the semiconductor is assumed to be n doped. The extension to the p-doped

and n-p-doped semiconductor cases are very easy. Moreover, we will neglect the presence oi

an oxide at the surface and we will assume that there is no contact potential. The influence of

these parameters on the different forces will be discussed later.

As in the metal/metal case, the first step is to calculate the total electrostatic energy U

~

U=j(QMVn+ P(iiv(,i>àij
o

where QM and V~ are respectively the charge (per unit surface) and the voltage on the metallic

tip, p (.i ) and ~'(.;) are respectively the charge density (per unit area) and the potential voltage
inside the semiconductor (Fig. lb).

Introducing Poisson's equation
v~il=-~ and taking advantage of the value of

e

vi' far from the semiconductor surface, vV(oJ
=

0, U can be simply written as

oe

where Qs QM
=

p1.; ~Lt. is the total charge in the semiconductor, Vs the semiconduc-Îi

tor surface potential and
~ its dielectric constant.
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Moreover, the potential voltage continuity impose~ a relation between il~j, i'~ and

Qs.

~°
~

ÎÎ ~~~

The energy expression can be rewritten as

QI IlU=Ù+~
VÎ~dÎ'.

~~l ~
i,

U~ing the virtual work method, the force applied to the tip i~ e~ual to
~~

Jnd, ;ince
à= Q,

V~ only depends on Q~ (formula (6 ii which i~ maintained constant, the applied force on the tip
reduces to

F
=

~~
(4)

?

~

Notice that this expression is formally identical to those obtained in the cJ~e of metallic tip-

metallic surface (Eq. ii and could directly be established by u;ing the electrostatic pre~~ure

concept. However, it will be convenient to recall thon, for menai-,eniiconductor system,

Qs is a complicated function of il~ and that this ~urface voltage, which depends on the tip-

surface distance, has to be taken into account in the evaluation of the tip-surface foi-ce.

When the applied voltage il is a superposition of a constant voltage Vjj and a small

modulation voltage Vi sin wt, forces are induced at frequencie~
w

and ~
w.

The natural

procedure to obtain the explicit expre»ions of the different forces i; to expand the force F in a

Taylor serres

~F Ill ,in WI j~ ô2F
F (Vo + Vi sin wt

=

F (i'jj) + Vj sin WI jvjj + (Vii +
dl' 2 ôi;2

and to exhibit terms independent of
w, proportional to sin wt and to cm ? wt. These term~

correspond to F~I, Fi (w and F2(?
w

), respectively. By identification and only keeping the

most significative terms, the expression~ for the different force~ are given by

Fu
=

F (Vjj) (5.1)

Fi (w
=

$
(iljj) Vi sin wt (5.2)

F~(2 WI
=

~
jiljj)

~
'

cos 2 wt. j5.3)ôÎ-
~

In this framework, the forces Fj~, F j(w) and Fi(? WI can be expressed as a function of

Q~ and it~ derivative~ with respect to ils.

F (w j
=

il ~~~ ~~
ôF ôQ~ éi.~
Î ôi~s ô~

~~'
~

i'o).

In this expression, the variations of i'~ with the external potential voltage can be expre~;ed
with the air gap and space-charge capacities, Ci and C~

lôv C ôQÙ
ii'

11
= ~~i iii c

~ =

Ù
ôV Ci + CD ôvs

<iR~AL VE PHISIQLE T 4 V If NO~ EWBER lvv4
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The final expre~sion of F~ (w1is

Qs CjC~
~'~wl=-~

~
Vis'nwl.

éii i+ D

Following trie saine procedure, we can calculate the expre~sion of the force at 2
w.

c~ ji ~~~
c~

j3
ô2Qj i~j

~~~~
~ Cl + C~ fl~ Cj ~

2
E(1 ôV) 4

~~~ ~ ~~

3. Different physical regimes.

To evaluate the diiferent forces, it i~ necessary to calculate QS and it~ different derivative~ as a

function of external hias voltage i'jj and tip-surface distance =.

The firsi step consists of calculating the semiconductor charge Q~ as a function of the

semiconductor surface potential V~. In order ta determine Q~(V~). Poiswn'~ equation is

integraied and ihe Gau~s theorem is used to connect the charge in~ide the semiconductor with

the electric field at the semiconductor ~urface. In the case of n-doped semiconductors, the

expression of QS i>eisiis V~ is given by equation (8)

QS
~ sgn (u

~~ £ e"
ii +

~Î
(e~ + fi

l~'~
j6)

q LD Nô

qil~
~

~~ l/2

V/here ii = -.
L~

=
,

Îij,,
1?~

ànd
F are respectlvely the dopant denslty, the

ÉT ? Îi~ q~

intrinsic carrier density and the dielectric constant of the semiconductor, cl (~ 0 the electron

charge il~agnitude.
In a second step, the continuity potential equation (3) is introduced to expre~s the relation

between Vjj and Vs.

~~' ~~ ÎÎ ~~~

U~ing these two equations, a uni~ue V~j Vo, z can numerically be calculated for each set of

i'jj, ci- Thetl, in a backforward procedure, thi~ value is used to evaluate QS, it~ derivatives

and trie corresponding forces.

Before we present and discu~s the variations of these forces with the external parameters
jiljj, z ), it is convenient ta keep in mind the various phy~ical situations that con be met~ each of

them corresponding to particular variations of Q~, V~ and iinally of the forces i'ersiis the

external parameters (Vo, z).

Different regimes can be identified which correspond first to the different kinds of behaviour

of Q, i>ersiis il, (accumulation, depletion and inversion regimes), and second to the relative

juagnitude oi the potential decreases in the semiconductor V~ and in the air gap
Qs/Cj (9].

3.1 Foi< VERY SMALL SURFACE VOLTAGE, Vs
<

kT/q, REGIMES RI AND R?. In these

regimes, the charge in semiconductor i~ directly proportional to il

~~~~i,iL~ ~ ~Îl~~~,iLD~~ ~~~

because ii~
(w10'~ m~~l is much smaller than N~ (1l~l~~' l~l~~ m~ ~).
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Then, by using (3), ii
is alway~ proportional to Vu ~ince

1'<i ~
' +

) ,) Vs
=

QS ' ~
+

~ (81
n ,,

L~

~~

F<i

As El eu =
10, if =/L~ » 0.1, the potential decrease inside the semiconductor can be neglected

behind the applied voltage, the tip-surface capacity is reduced ta the air capacity
Ci

=

ej/z (Regime RJ J. In contrast, if =/L~
<

0.1, the surface potential V~ cannot be neglected
and the tip-surface system corresponds to an effective capacitance

,

§ L
C

efi "

~
+ " jRegime R?i

e eu

3.2 FOR LARGER POSITIVE SURFACE VOLTAGE, U =

qÎ's/kT
~

Î. ACCUMULATION REGIMES Al

AND A?. In these regimes, the electrons (majority carriers in n-doped semiconductors) are

attracted to the vicinity of the air-semiconductor interface, the resulting charge distribution is

essentially located near this surface. In this accumulation regime,

Q~
~

~~ £ e»~2. (9)
ci L~

Then the relation (3) between ii and Vu is given by

v~~ =

~~
(u +

L j e»~2 ii oi
fi ~ii D

For not too small values of =/L~, the contribution oi the air capacitance is always forger thon

that of the wmiconductor surface potential

vi=~l[iùexPi Qsici
ii

(">

In this regime (ucc.iimiilatinii I.egime Al j ii varies very slowly with Vii, and by inverting

equation Il ), can be assumed to be roughly equal to

~~'
~ ~~ ~Î~

~ ~ ~~~~'~

In the following, the corresponding suriace voltage is called V~j(=)
=

(ÉT/q t/~.

For very small values of =/L~, the suriace voltage contribution can be dominant in the

continuity potential equation (3). In this regime (ac<.umulation ie,gime A2J,

~ ~~~~~~~ QS
~

~~ $
~'~~

ii'2 If

~ ~D
?j

The z/L~ value corresponding to the crossover between these two regimes con be evaluated and

its order of magnitude is about o-1 for the used iljj (0, -10 Vi, N~ values (=10~~~-

0~~ m~ ~).

For negative surface voltage, we have two difierent kinds of behavior, according to whether

V~ is smaller or higher than ~P, where ~P 2
~~Ln ~~

Thi~ particular surface
q ii~

potential correspond~ to the crossover between the values of ii and e~" in expression (6).
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Fig. 2. Variations of u i'ci sus i'j/~P ior different zfLD ratio~ ND 10~~ m~ ~

3.3 FOR SMALL NEGATIVE VOLTAGE, lfi
<

Vs
<

kT/q. DEPLETION REGIME Dl AND D2.

In this regime, the charge distribution is more expanded (over L~)~ electrons are repelled from

the vicinity of the interface leavmg behind a space charge region of uncompensated ionised

donor ions. In this depletion regime, QS and Vjj are related to ii by the following expre~sion

Qsi~~) lUl"~ i13)

and

Vii~
~~

(iii +
~

fi
11('~~) (14j

q Fo LD

For large value~ of =/LD lDepletion ie,aime DJJ, the air capacitance contribution
~~ifi

iii '~ is always forger than the semiconductor suriace potential V~, and
fi FOLD

voml~l£ 'U'~~ Qsm-C~ilo lis)

As =lL~ decreaws, a new regime appears in which the contribution associated to

Q~/C diminishes, and iii can be higher than ~ ) iii "~ Then, in this regime (DepletiiJn
~o D

iegime D?1 u is roughly proportional to Vjj

Vo
~

~~ii, Qs
~

/~~)
i~ii( ~ (16)

q il D
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The =/L~ value corresponding to the crossover between these two regimes, given by

(ii( iLi (11("~, depends on Vii and N~. In the depletion regimes and for usual
FIILD

N~ values, =/L~ is about 0.5.

3.4 FOR i's
<

~fi. INVERSION REGIMES ÎÎAND l~. in this case, the hales (minority
carriersl are attracted to a narrow region near the interiace inversion region) while inside the

semiconductor the charge distribution is due to the charge of the ionised donors. As the voltage
magnitude (i'~( increases, a larger and larger fraction of the charge at the semiconductor

suriace will be hales. In this inversion regime, Qs varies as

Q~=~~fi£eÎ"Î'~. ~~~~
il

'~D
~

The C°rresPonding potential continuity equaiion is given by the following expression

i~
~~

~ ~ ~~~
>i >~

°
cl

~~ ~

~~~
L~ ( ~ 8

As in the case of accumulation regimes, for not too ~mall =/L~ values (titi.ei.çion re,gime JJ j,

the potential decrease outside the semiconductor is dominant

çJ
~-~~LfiÀeÎ'~Î'~

Qs~~Cji'jj. l'9)
°~ q~ULDND

As is shown in figure 2, fi varies slowly with i'o and con be roughly considered as equal to

ii~ =

2 Ln
~~"Î~~~~

In the following the corresponding ~uriace voltage will be
kT

~~ ii~ z

called V~j(z)
=

IÉT/q)ii~.
However, for small values of =/L~, the surface potential contribution can be dominant. Then

iii q~'~j/ÉT and Q~ is proportional ta
e~~~"'~~' (Jni>er.çian ie,aime J?J.

i~~~ Î~ ~~
Qs

~

~~ ~ '~~
~'~

Ii j,j11

~~
~~ ~D

~~~

The z/L~ value corresponding to the crossover between thew two regimes con be evaluated and

is about 0.1 for the values of Vu and N~ used.

In this discussion we have introduced two charactenstic surface potentials, (~'s(
=

ÉT/q and Vs
=

~P. It is convenient ta also introduce the external parameters iljj and =

corresponding ta these potentials, noted V)j~"' and V() respectively, which are related by the

following expres~ion obtained irom the potential continuity equation

~.lT,'q j, )
~~

~
£ Q

~~

n s

vii> i
~o Îj

Qs (
j

~

Thus, according ta the different regimes charactenzed by the values of Vjj and

=/L~, different variations with iljj can be observed for Qs and then for F and its derivatives.

These various kind~ of behaviour are summarized in table In particular, it i~ important to
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notice that in some regimes, which can be reached experimentally, Q~ is not always
proportional to Vjj and that the simple description using passive capacitance to describe the tip-
surface system is inappropriate.

Figure 2 presents the previously di~cussed variations of fi versus the voltage parameter
Vji/t, for different values of the distance parameter =/L~. In these numerical calculations, the

semiconductor surface is a Si-n doped surface, N~=10~~' dopants/m3 (~P~0.5V,

L~ 275 nm). For another dopant concentration, the curves have to be recalculated to obtain

trie absolute values of ~P and L~ but the main behaviour of u(Vu, = j is very similar. In the

following figures, the retained values for Vjj/~P and z/L~ correspond to a maximal applied
voltage extension ±10 V and a minimal distance tip-surface about nm.

4. Numerical evaluations of Fo, Fi and F~.

In this section we present and discuss the variations of the different forces Fo, Fi (w and

Fi (2
w )1,ei.çus the bias voltage i'o, calculated for different values of the tip-surface distance

and different dopant concentrations.

4.1 THE STATIC FORCE Fo.

4.1 Val.iations u>ith app/ied i,n/rage Vo. Figure 3 shows the theoretical dependence of

Fu with Vn. The results are obtained for three different dopant concentrations, N~
=

10" 10~~, 10?~ m~~ corresponding respectively to L~
=

275, ?7.5, 2.75 nm, and d~
=

0.5,

0.75,1 V. The tip-surface distance is equal to 10 nm (the surface area is arbitrarily taken equal

to 10~ ~ ~m~).

For positive applied voltage, whatever the dopant concentration, Fu presents rough

quadratic variations as in the pure metallic case. For the selected ranges of distance and

according to the voltage value, the system is in the different regimes RI or Al, the

accumulation regime A2 being reached only for N~
=

10~~ m~~

o.rocs
~

~

°w~

~

%

0.0004
-~

aw

~»

0.0003
~»

E
») Î

0.0002 b

-~
°

10~~m

O.OOOI °
1O~~m'~

° 0~~m

o
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Fig. 3. Variation of Fjj iei.jus Vjj for different dopant concentrations.
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For a small applied voltage, the system is in Rl regime. Fji, Proportional to QÎ varies as

(C~jj vji)~ (Eq. (8)).

For a large voltage~ the system is in Al regime, Fo is then equal to
C)(Vjj-

V~~1 (Eq. (l1). Notice that the presence of V~j term induces a particular voltage
«

shift
»

V~j(=) with respect to the metal/metal case. For each Fjj curve, this shift increases as

N~ and z/L~ decreases.

For negative bras voltage, the tip-surface system can be in the depletion or inversion regime.
Using formula (21) the bras voltage V~( required to reach the inversion regime when

= =

10 nm can be evaluated. For n-doped semiconductor with N
~ =

l 0~~, 10", 10~~' m~ ~, it is

about 9 V, -1.8 V and 0.6 V, respectively. Thus, for a small negative voltage, the

semiconductor is in the depletion regime Dl if N~
=

10~~ m~ ~ whereas, according to the bras

voltage regime, the system is rapidly in the inversion regime Il for lower dopant concen-

trations. In these two regimes, Q~ is proportional to Vo and the Fo variations are roughly
quadratic (Eqs. (15), (19)) the detail of the structures of the curves will be more evident, if one

looks at the curves oi the Fi forces.

For a large negative bras voltage, the tip-surface system is in the inversion regime Il

whatever the dopant concentration. The situation is very similar to the previous accumulation

regime. Fo being proportional to C)(Vo i'~j)~ and in a same way, some shifts can be

observed. Moreover, from these results, we can notice that the curves Fo are not symmetric
with respect to Vjj

=

0.

4.1 2 Variations u.iih the tip-sw face distance. The variations of Fa with the tip-surface
distance (=/L~

=

0.1 0.5, 2) for a given dopant concentration, N~
=

10~° m~ ~, are shown in

figure 4.

For a positive bias voltage, the system is essentially in accumulation regime Al,

Qs is proportional to i~o and Fn variations are quadratic (Eq. (l1ii. The particular case of

510 ~

°
° z/L~= o-1

410~~
. o

~

~

j
~

z/L~=0.5

1(~) 310'~ ~~~~ ~

210'~
° .

.'

10'~ /

o

3 2 0 2 3

v~ jvj

Fig. 4. Variations of Fjj fer.jus Vjj for different z/L~ ratio, N~
=

Î0~'~ m~~
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=/L~
=

0,1 and small voltage (Accumulation regime A?) will be discussed more completely in

the section related to Fj.
For z/LD

~

2, Vi (=
=

4 V, then for the presented Vo range 3 V
<

Vo
<

0) the tip-
surface system ix in the depletion regime (D1 or R1), Qs is proportional to Vjj and the variations

of Fo(~'nl are roughly quadratic (Eqs. 18j, (15)). Note however that the curve is asymmetric
with respect to ~'u

=

0, this behaviour underlines the more rapid increase of
u (Vu, =) for

Vo
~

0 than for ilu
<

0 (Fig. 2).

As the ratio z/L~ decreases, VI decreases and is about -1.2, -0.6V for =/L~
=

0.5 and o-1, respectively. For large negative voltage, Vo <Vf, the system is in the

inversion Il regime, Q~ is proportional to Vo and Fo varies quadratically (Eq. (191). In

contrast, for Vu
~

Vf (= j, the system reaches the depletion D2 regime in which Q)
varies as

Vo (Eq. (161), then Fo varies linearly with Vo. This effect is particulary evident on the

=/L~
=

0.1 curve.

4.2 THE FORCE F (w ).

4.2.1 ilariatir)ns u.ith appJied voltage ~'j~. The variations of Fi i~eisfi.ç Vn for different

dopant concentrations and = =

10 nm are shown in figure 5.
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v~ (vi

Fig. 5. Variation of Fi iei.las V~~
for different dopant concentrations. =

10 nm.

For a large positive voltage, Fi varies linearly with Vn, the tip-surface system is in the Al or

Ri regimes. The different curves are parallel but shifted with respect to the metallic case by

Vi j=), and can be discussed in a similar way as the F~ curves. The slope of ail these curves is

proportional to C as for a
metal-metal system and is independent of the dopant concentration,

in agreement with the accumulation picture. Notice that these curves reach the origin since we

have neglected the effect of contact potentiali if we mtroduce the contact potential

V~ ~which is similar to a modification of the potential ongin~ the curves will be shifted by

ilc.
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Note however that for very small voltages, the system corresponding to ND
=

10~~~ m~~

reaches the A2 regime in which Qs varies as exp(qvj~/2 kTj (Eq. (12)). This effect can be

observed in the inset.

For negative voltages, the crossover from the depletion regime to the inversion regime also

appearq on the Fjjw curves. Since Fi (w is the first derivative of Fu with respect to

i'o, the non-quadratic behaviour in Fjj dependence will appear as a non-linear behavior in

Fi lw ).

The most important eifect is the presence of an elbow and that the applied voltage at which it

appears depends on =/L~. In fact, this elbow precisely corresponds to the regime transition, the

applied potential ~u being then equal to
V[((ol lthe elbow corresponding to the curve

N~ =10~~m~~ appears at Vu
=

9 V, out of the figure range). This behaviour can be

qualitatively explained as follows in the depletion regime, the effective distance between the

mobile carriers in the metal and in the semiconductor is roughly equal to = augmented by the

depletion length. As the magnitude of the applied voltage increases, the depletion region width

increases and the effective capacitance decreases. Then~ for a small applied voltage,

Fi jw variation is smal Ier than in the metal/metal case. In contrast, when the inversion region

is reached~ the effective distance between the mobile carriers in the metal and in the

semiconductor returns to = and Fi (w is similar to the metallic tip-metallic surface case.

However~ in the last case, the surface voltage V~ is not zero but equal to Vi jr ) which increases

as = is reduced. This induces shifts in the Fi curves.

For very small voltages corresponding to the RI regime, we can observe that Fi linearly

varies with Vu in a similar way as for large negative voltages for which the system is in

inversion regime Il. Note that, in this regime, the curves Fi (Vu are roughly parallel and that

ôfj
~their slopes lil~i

~

0 are proportional to Ci.
ôvo

Some others characteristic behaviours can be observed on these curves. For instance, for

N~
=

10~ m~ ~ and for Vn about 8 V, a tip-surface distance equal to 10 nm corresponds to

a regime very close to the inversion regime I? in which F varies as exp q Vo /kT (as shown in

Fig. 5). For smaller voltages, the system is in the D? depletion regime and Fi corresponds to a

roughly constant value, since in this regime Fu is proportional to Vo.

4.2? hijliience ni'the iip-~çwfàce di.çtaiice. The variations of Fi i>eisus Vo for different

values of =/L~, N~
=

10~' m~~,
are shown in figure 6. It is interesting to observe that the

variation of the elbow position with =/L~ iq very sensitive to the tip-surface distance~ ils value

decreasing with a decrease of the tip-surface distance =.

Moreover~ the different kinds of behaviour of Fi (Vo, =) i>eisiis z can be observed. For

instance, for Vu
=

0.6 V, we can very precisely follow the different regimes crossed when

the tip-surface distance increases. For =/L~
=

0.05, the tip-surface system is in the inversion

regime12 and Fi (uJ) increases exponentially for Vo
~

Vf(=) and is constant for V~~
Vj( (= ). As z/L~ increases, the system reaches the depletion regime D? for z/L~

=

0.25, and the

regime Dl for =/LD
~

0.5. In the same time~ the elbow is shifted towards the large negative
voltage.

4.3 THE FORCE F~(? WI- Figure 7 presents the variations of F~(2
w i,eisiis voltage for

different dopant concentrations, the tip-surface distance being equal to 10 nm. For a positive
voltage, except for very small values, F~ is roughly constant and equal to C)/F~ and

independent of N~.
In constrast~ for a negative voltage~ these curves show different features~ charactenzed by

the dopant concentration and the tip-surface distance. As the bras voltage decreases~
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In particular, it is important ta note that, for small values of Vj~, -1V< Vo
<

1V~ F~(~ WI is very sensitive to the dopant concentration as shown in the inset, the

F~(2
w

magnitude mcrease~ with N~.
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4.4 QUANTITATIVE ANALYSIS OF ELECTRICAL FoRcEs. Several physical quantities can be

extracted from these presented curves.

The contact potential ilc between the tip and the surface can be obtained from the

measurement of the voltage corresponding to Fj(wl
=

0. In this situation, the applied
potential Vo is exactly equal to Vc. Using a feed back loop asserving the applied voltage to

fix Fi (w
=

0, the image of isocontact potential can be obtained.

The value of the tip-surface distance can be obtained from the measurement of

F~(?w) for large positive applied voltage, since in this regime~ this force is simply
proportional ta Cl and is dopant concentration independent.

The local dopant concentration can be determined from different issues

If = is higher than L~, the N~ values can be obtained from the measurements of

F~(2
w at ilo

=

0 fat Vo
=

Vc if we consider the contact potential) (Fig. 8). Using this

opportunity, images of isoconcentrations can be performed.
For small =/L~, it seems easier to use the Fi (w curves. Indeed, we have shown that, in

this case, the depletionlinversion transition is characterized by an elbow in the Fi (o> curves.

Since this feature appears when Vo
=

Vj(,
we can extract the dopant concentration from the

measurements of the voltage position of this elbow.

5. Conclusion.

In this study, we have calculated the different electrostatic forces between the metallic tip of an

AFMR microscope and an n-doped semiconductor surface separated by an air gap and

submitted to an applied voltage. In particular, the variations of these forces ;ersus the static

applied voltage have been investigated.
This study shows that, in this system, the different force variations present many more

vanous kinds of behaviour than those observed when the surface is metallic. Different regimes

can be exhibited according to the values of the tip-surface distance and the static applied
voltage.

These various regimes onginate from the different behaviour of the semiconductor surface

charge Q~ 1,ei~çus the surface voltage V~ which depends on the applied voltage and on the

relative importance of the air gap contribution with respect to the potential decrease inside the

semiconductor, characterised by the Debye length L~.
Roughly speaking, we can conclude that for a fixed applied voltage, when the tip-surface

distance z is much higher then L~ the system is roughly similar to the metal/metal case. In

contrast when z is smaller than L~, this simple mortel is not adapted and some features appear

in the curves representing the variations of the forces i>ersus the applied voltage, lt will be

important to keep these effects m mind to interpret the experimental results obtained with AFM

microscopes since, m these expenments, the most commonly used tips are semiconductor tips

and that there exists a contact potential between the tip and the surface, even without applied

voltage. So, some features, associated with these effects, can appear in the force curves and in

the images.

This study presents some limits however; in our calculation, we have neglected the

presence of an oxide layer on the semiconductor surface. However, this assumption does not

qua]itatively modify the present results, since its presence is in fact qualitatively similar to an

effective reduction of the tip-surface distance with respect to the case without oxide.

Moreover, in this mortel, the tip and the semiconductor surfaces are assumed to be parallel

plates. This geometry does not correspond to the expenmental configuration when the tip-

surface distance is smaller than the tip curvature radius (z
<

100 nm ) : in this case the tip is

better descnbed by an ellipsoid electrode. Nevertheless our simple model, which can be
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extended ta ellipsoid/plate geometry, offers the opportunity ta provide a useiul semiquantita-

tive understanding of the electrostatic forces which are accounted for in ihe AFMR.
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