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ég Abstract: Trapped charges inside an isolated Geumamanocrystal (Ge_NC) have been
31 studied by Electrostatic Force Microscopy (EFM) tpass lift mode measurement at room
32 : . .

33 temperature. From visualized EFM images, electramsl holes were proved to be
gg successfully injected and trapped in the Ge_NCdisigibuted homogenously at the edge of
g? its truncated spherical morphology. Such Ge_NQisél to have iso-potential surface and
38 behave as a conductive material after being chatgedalso shown that the dominant charge
39

40 decay mechanism during discharging of Ge_NC istadldo the leakage of these trapped
j; charges. A truncated capacitor model is used tooxppate the real capacitance between the
ji tip and Ge_NC surface and to quantitatively stubsé trapped charges. These investigations
45 demonstrate the potential for Ge nanocrystal merappfications.

46

47

jg Key words: Nanostructure, Germanium, Nanocrysti@ctEostatic Force Microscopy,

50 :

01 Memory device

52

53

54 Nowadays, the semiconductor technology is fa@ngreat challenge to improve device
55

56 performance while reducing feature dimensions, @ggting size regimes where surface
g; effects become very important for electrical traors@nd biasing. This size downscaling in
28 the microelectronics industry has initiated an exple development of various microscopy
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techniques to probe and reveal new physical cheniatits at the nanoscale such as Coulomb
blockade, quantized charging efféttand single electron transist6rs

Due to the increasing demands for informatidarage and the significant scaling
limitations of traditional memories, the non-volatmemory device composed of Silicon (Si)
or Ge nanodots are very promisifigAltering the oxide thickness and voltage operatian
directly influence charge storage, and nanoscajstals are promising since they have fast
tunnelling-mediated write tim&3° Thus, the characterisation and understandinghef t
charging mechanism in such nanostructures is @igiimportance. However, most of the
studies of charge trap in Ge nanocrystals were dgmaicroscope in micro dimension.

Variations on atomic force microscopy can pdevsimultaneous topography and various
physical feature images with some additional apgilbms such as scanning capacitance
microscope (SCM), electrostatic force microscopEME scanning tunnelling microscope
(TUNA) and Kelvin probe force microscope (KPFIMY'® Electrostatic Force Microscopy
(EFM) is used specially for characterizing materidr accurate local and non-destructive
electrical properties for a wide range of charasé¢ions such as surface potential, charge
distributions and dielectric constAhtEFM is also able to easily and non-destructivejgct
and detect the localised charge in nanostructaresr below the surface by a special two-
pass lift mode. This ability has been used to sttty distribution of trapped charges in
silicon dioxide layer or implanted nano crystéfs. However, the characterisation of isolated
Ge_NC was few studied by EFM at room temperatutehShanostructures are of a great
interest because the injected carriers are strarayigtrained in their propagation, and interact
with a finite geometry which should be generally tase in nano-electronic devices.

In this study, isolated Ge_NC on a silicon di@xlayer on f type doped silicon (001)
substrate has been shown to exhibit charge staregmory effects by EFM two-pass lift
mode measurement at room temperature. The acqirase signal conducted by electrostatic
force interactions was used to determine the chestgntion time inside the Ge_NCs. The
charge storage and retention effects are discussetthe context of Ge NC memory
application. In order to quantitatively study théseped charges, truncated capacitor model
was used to approximate the real capacitance betthedip and island surface. The quantity
of charged electrons was calculated by analytixpiession of the charge quantity in function
of the EFM phase signal.

These nano-scale Ge_NCs have been fabricated aof topery thin silicon dioxide layer
using a dewetting processing. A 15 nm thick Ge rlayas deposited by molecular beam

epitaxy (MBE) over the Si©Qlayer 5 nm in thickness at ambient temperature wad
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thermally annealed at 750°C for 20 minutes undeahilgh vacuum. This process leads to the
formation of crystalline Ge NCs having an averagengéter ~150 nm. As it has been shown
in previous work?, the Ge_NC diameter is ~7 times the nominal thésisnof the Ge layer.

Over the dots there is a natural oxide layer oinn2 so that the sample surface is uneven,

comprising a dispersion of Ge NCs.

FIG.1 Sample structure with Ge_NCs on Si&@yer

In order to minimize the influence of morphojogver the sample surface during charge
measurement, Electrostatic Force Microscopy (EFM}p whosen for charging experiment.
EFM measurements are acquired in a two-pass lilentn this measurement, a constant
separation between the tip and local surface t@pdnf? when the tip rises to the lift scan
height and this maintains a constant van der Waatésactions. This allows the imaging of
relatively weak but long range electrostatic intécns while minimizing the influence of
topography.

Modelled by simple parallel plate capacitog #ectrostatic force between a conductive tip
and a sample surface can be described as:

10C »_10C 2
F=-22(av) ==2=(v. -V 1

whereC is the effective capacitance between the EFM pioizk the sampléey, andV, are

the tip and sample bias, respectively. If the sanspirface has a certain area that has locally

trapped electric charge¥, will become the surface potentid|, which is modified by these

trapped charges and causes changes in the elattrdstce intensity and the effective spring
constant of the cantilevér
The resonant frequenay, of vibration of the cantilever varies as

[, 1dF
w=w, 1_EE (2)

wheredF/dz is the electrostatic force gradient acting on EieM probe by these charges.

The frequency changes due to the local electrostatces could easily be monitored by
observing the phase shift of the resulting cangifexibration.

The phase shift can be expressed as follows:

QoF Q d%C
Ap=-= =—x> >
¢ (2) 2k dz?

K E (VEFM _Vq) 3
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whereQ is the quality factor of AFM probe is the spring constant of the cantilever (2.8

N/m), z is the height between the tip and the sample seyt4.,, andV, are, respectively,

the tip and sample surface potential during chargasurement.

The EFM measurement was conducted on a VeegibaDinstruments 3100 Dimensions
AFM employing a Nanoscope V controller. Charges ewvetjected by using commercial
conductive SCM-PIT tip. Its main specifications:azantilever spring constant, ang = 75
kHz. Specifically, the tip is coated with a Pt/letal coating.

From (3), a sign change and alteratiorVgf, can induce a bump or a depressiod\ip.
Firstly, a p-type silicon (001) substrate with ar native oxide layer was charged separately
by -7 Vin Fig. 2(a) and +7 V in Fig. 2(b) over 30$eV,,, was set separately at +2 V (top
region) and -2 V (bottom region below). The chargeea response is shown in the phase
signal. Different signs oY, can change the image colour in the charged refgoon black
to white, which corresponds to a depression orak frem the phase profiles. By flipping the
polarity of the applied voltage the reverse respaadound. The uneven surface in the phase

image is caused by injected charges that changsathple surface potential.

FIG.2 A 3 nm SiQover a p-type Si (001) substrate charged by:7aj) for 30 s, tip bias = +2V in top region abovelan
2V in the bottom region; (b) +7 V for 30 s, tip bia +2V for the top region and -2V in the bottorgion.

The original surface phase signal for chargeedamemory effects was also measured
before charge injection into a sample of Ge_NCoxidized Si, using two polarities of tip
bias Vg, ) of with a magnitude of £2 V, and height of 50 nfme resulting phase image is
shown in Fig. 3(b). The average diameter of theN&s-is 150 nm. The phase signal is found
to be higher in the centre of the NC than at th@pery, indicated by its corresponding peak
in the phase signal. Additionally, the phase valne(c) was larger than that in (b).
Considering the only change is the polarity and mtage of V.., during these two
measurements, it confirms that the Ge NC has qaiteeak original positive surface
potentiaV,, .

FIG.3 Ge NCs with an average diameter of 150 nm pria@hgrging, (a) Topography, (b) Phase signal imaf€&ed\Cs
acquired at ¥y = +2V, (¢) Phase signal images acquired giy\¢ -2V.

To demonstrate the memory effect based on oigaemnd discharging of individual Ge NCs,
an individual Ge NC was identified for charging.rfoe charging process, the conductive tip

was kept at the same position over the isolatecaNCsubsequently brought closer to the NC
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1

2

2 surface. At the same time, charges were injecteplobgrising the tip with a voltage stress of
5 either +7 V or -7 V for 30 seconds. The correspongdFM phase images are shown in Fig. 4,
6

7 where the charged region of the NCs is marked.

8

9

10 FIG.4EFM images after charging at +7 V / -7V for 30slé$oand Electrons were separately injected intasitlated Ge NC

11 as marked. Phase signal images acquiredagj ¥ (a) +2 V, (b) -2 V, (c) 0V, the scan size isth g 1 um, and (d) +2V, the

12 o

13 scan size is 3 um x 3 pm.

14

ig From the EFM measurements on single NC, the chaageal can be readily identified.
17 During the charging process, holes (+7 V, extrgctecelectrons (-7 V, injected) are injected
18

19 the isolated Ge_NC where they can form an electlond from the phase images. To
20 - . : : . . .

21 maximize the resolution of the phase signal.g, with the opposite polarity t¥, is used.

22

23 The phase shift inside the charged NC is detedt®dba (Vepm = +2 V) and 1° (¥em = -2 V)

gg for +7 V whereas its value is -4.5° M, = +2 V) and -2.5° (¥rm = -2 V) at the opposite bias
g? of -7 V. This suggests that it is much easier jednelectrons than holes into Ge NCs.

38 A particular phenomenon found for charge trangiés Ge NCs is charge localization that
30 is influenced by morphology. From Fig. 4, the ingetcharges can be trapped homogenously
31 . . , :

32 by the isolated NC and located in the corner ofee@uch Ge NC became iso-potential and
gi behaved as a conductive material after being chalgés confirmed that these charges were
gg successfully injected into the isolated Ge_NC.

g; Additionally, from (3), the value oV, can greatly influence the phase shift .

39 Therefore, comparison between an uncharged andrgeth area or these areas charged by
40

41 different voltages for a fixe¥,,, (tip surface potential) is necessary.

42

43 The discharge and retention time of these trappadges were also evaluated. From Fig.
44 : . . : : .

45 5(a), the EFM phase signal is plotted versus tiftexr @harging. The phase amplitude in the
j? charged region decreases gradually due to chasggdiion. It is shown that the dominant
jg charge decay mechanism during discharging is teatge of these trapped charges. The Ge
50 NC is p-type and forms a p-n junction with n-Sifiwihe associated potential barrier allowing
51

52 charger to be stored without immediate (Ohmic) leksge/conduction.

53

54

55 FIG.5 (a) Discharge procedure of trapped chargéisarcentre of NC, (b) Altitude of charged areaRbpase signal in the

56 centre of charged area

57

58

23 Fig. 5(b), (c) shows the EFM phase image with dgffe tip bias voltag®/,.,, (from -5V

to +4 V). The phase intensity of the charged N@fe$ the magnitude of the tip big¥ ., |),
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where in Fig. 5(b), this corresponds to the striengft electrostatic force between tip and

charged NC. In Fig. 5 (c), phase signal in the reeat the charged region increases with tip
bias, and specifically, a negative tip bias alteesindicative phase signal more than a positive
bias. This observation confirms that the setup pfrajunction barrier allows trapped charges
to be stored with a certain retention time. Thigassistent with the experimental evidence

that using opposite tip biases fdr,, andV, markedly improves resolution in EFM phase

image (by at least a factor of 4).

In order to quantitatively characterize thgppad charges, equivalent structures should be
used for modelling the interaction between AFM aipd sample surface. The electrostatic
force between a conductive tip and a sample sudackl be described As

F= (V) =225 V) @
Where C is the effective capacitance between thd gfobe and the sample, ¥nd \4 are,
respectively, the tip and sample potential. If Saenple surface has a certain area that has
locally trapped electric chargess Will become the surface potentia), Which is modified by
these trapped charges and causes changes in ttrstkgic force intensity and its gradient.

The force gradient changes the effective springstzom of the sensor and, consequently, its

resonance frequenoy.

1 oF
=ll-—— 2
@, wo( K 92 (Zo)j (2)
These changes could easily be detected byhasepshiftAg .
QOoF Q d*C 2
Ap=-<"=(z,)=-=— -V 3
@ K o2 (%) ok dz’ Veem — Vo) 3

Where Q is the quality factor of AFM probe, k i thpring constant of the cantilever, z is the
height of the tip with respect to the surfa@¥,/0z is the spatial derivative of the

electrostatic force acting on the EFM probe by ¢helsargesy,,, is the tip potential during

the EFM measurement.

The AFM probe is composed of three main padhs:cantilever, the tip and the tip apex.
During the AFM measurement, these three partsaotexith the sample surface and can be
modelled simply as a series of flat plane capacéanThe cantilever is modelled as a flat
plane, the tip is modelled as a truncated ¢baed the tip apex is modelled as a small sphere
or the tip and its apex as a cone. From the thieaftestudies, it shows that the major

contribution to the capacitance variation is givgrtip apex, followed far below by the cone,
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chip and cantilevéf. So the truncated cone-plane model is relativiedy host accurate one
which considers the tip apex and the tip body.
Plane-plane capacitance model:

0°C
10 922

©CoO~NOUTA,WNPE

=C"(2) = 2¢,¢, 23 (4)
z

12 Truncated cone-plane model (total tip apex @pdbody) gives the second derivative
14 capacitance fact@t”cp(z) ;
16 2
17 Ct"cp(z): Z]E‘O M-{-kz 1 +— R 5
7*(z+R) z+R sind(z+R)

19
(5)
20 with k= 1

25 Where R is the tip apex radius @@ the tip-opening angle.

The equivalent electric circuit of this expeeimh configuration is given in Fig.6.

FIG.6. Equivalent circuit

33 Where G is the charged island-substrate capacitance,isCthe charged island-tip
capacitance andsQs the substrate-probe capacitance.
36 Thus, electrostatic force due to these tragbedges could be expressed as:

38 2
29 in CV-q dCz+1Vde3
40 2\C,+C,) dz 2 dz

(6)

42 For SCM-PIT, the tip height is 10~15um and R is 20nith a tip-opening angle of 10°.
44 The lift height is always set at 50nm. The variatithe second derivative capacitar@¥z)

46 which varies with the tip-surface distance z isttgld in Fig.7. We can observe that the
48 effective surface during the tip scan is about Z&>nnt considering the realistic tip-surface
model and a lift height of 50 nm. This effectivefage corresponds to a disc area with 95 nm
51 in diameter which is lower than that of the Ge_NC.

54 FIG.7. Second derivative capacitance versus tifaserdistance

The diameter of these isolated Ge_NC is mone 18® nm. However, the SCM-PIT tip has
59 a radius from 20 to 25 nm which is quite smallemthhe island surface and the effective area

is inside it. So these truncated-sphere shapedslaauld be simplified as rectangular nano
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structures which has a flat surface interactindnhie tip, see Fig.8. This simple model could
be used for quantifying trapped charges in oxidgerna or embedded conductive

nanostructuréd 24

FIG.8. Simplified nano-scale Ge_NC model

Using the parallel plate capacitor model, thimltcharge q inside the trapped area can be

deduced as below:

Egi Ege
q= = @)
Q SiG, + dGe
gSiOZ Ece
_qg
D=-= 8
< 8)

Where k is the cantilever spring constant, Q isghality factor of the AFM probe and S is
the effective tip ared is the the charge density in this charged area.

In our experiment, k is 1~5 N/m, Q is about 2@ dielectric constants for Si@nd Ge
are 3.9 and 16.2 respectively, the charged Geelghhis about 100 nm and S is 7.1%hér.
Therefore, when the isolated Ge_NC is charged byddring 30 seconds (EFM phase image
in Fig.4(a) and (c), electron injection), the ingxt charges density in the centre of the island
is about 7.2x18°C and that at the edge is about 1.1¥10. The charge density along the
detecting line can be drawn in Fig.9.

FIG.9. (a) phase image after charge (b) chargeityealeng trapped line

From Fig.9, the value of charge density wahigt the edge than that inside the charged
island. This means that the Ge_NC became iso-paktamd behaved as a conductive material
that caused these trapped charges locating inotimeicof its sphere surface.

In the whole charge area, according to ourutalion, there are in an amount of 800
electrons injected to this isolated nano-scale G&_N

In summary, EFM two-pass lift mode measurena¢mbom temperature confirmed trapped
charges could be stored on single Ge_NC on oxidgikcbn. Electrons and holes were
successfully injected into the Ge_NC by a condeckE¥M tip. Optimised EFM bias settings

for better EFM charge signals have been determimedrder to achieve higher resolution in
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1

2

2 phase imagingVgy,, with opposite polarity td/, is preferred. Such Ge_NCs have iso-

2 potential values and behave as a conductive mhaterae charged. The injected charges are

; also demonstrated to be trapped homogenously bigateted NC. Trapped electrons inside a

9 100 nm NC discharged gradually over 2 hours. Bying the magnitude of the tip scan bias,

10

11 an improvement in the phase signal can be achiextdthe use of a negative tip bias,

ig keeping the sample bias positive for this system.applying a tip bias of -7V during 30

1‘5" seconds leads to an injection of about 800 elestioside an individual Ge_NC. This study is

i? of prime importance in developing electronic desicgich as memory transistors using

18 Ge_NC.
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FIG.2 A 3 nm SiQover a p-type Si (001) substrate charged by:7aj) for 30 s, tip bias = +2V in top region abovelan

2V in the bottom region; (b) +7 V for 30 s, tip bia +2V for the top region and -2V in the bottorgioa.

12
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(a) [€ wlale|el 110.0 nm

(b)

100 200 300 400 500 600 700 80D pm

FIG.3 Ge NCs with an average diameter of 150 nm pria@hgrging, (a) Topography, (b) Phase signal imaf€&ed\Cs
acquired at ¥gy= +2V, (c) Phase signal images acquired giy\¢ -2V.

13
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FIG.4EFM images after charging at +7 V / -7V for 30slé$oand Electrons were separately injected intasthlated Ge NC

as marked. Phase signal images acquire¢a ¥ (a) +2 V, (b) -2 V, (c) 0V, the scan size isth g 1 um, and (d) +2V, the

scan size is 3 pym x 3 um.

14
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