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Morphology and transport properties of nanostructural gold on silicon
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Nanometer sized Au clusters deposited on a silicon substrate forming Ay—SiGtructure are
important for the development of contacts in nanotechnology. Systematic x-ray reflectivity, scanning
probe microscopy, and scanning tunneling spectroscopy measurements were done to understand the
relationship between morphology and electrical transport properties of this nanostructural metal—
insulator—semiconductor system. The presence of an interfacial layer at the metal—insulator
interface dictates the tunneling current through this structure and exhibits a gap leading to a
suppression of current. Local density of states and electron density/thickness of the interfacial layer
have been extracted from the measurements to understand the evolution of metallicity of this
Au-Si0O,—Si structure. ©2004 American Institute of Physic§DOI: 10.1063/1.1635989

I. INTRODUCTION density profile(EDP) along the depth was extracted from
) ) ) x-ray reflectivity measurements. Atomic force microscopy
The structural and electronic properties at the |nterface§AFM) and STM were used to observe the surface morphol-
of metal—insglator—semiconductc(ﬂvlIS) stru'ctures have ogy. We performed current—voltage<V) measurements on
been the subject of research for deca’dﬁ’b‘SP'te of exten-  his system using the scanning tunneling spectros¢sii
sive theoretical anql experimental investigations on this YP&echnique to obtain the local density of stateBOS) of this
of system, there exist many open questions particularly Whegystem as a function of Au coverage. The influence of

the size of the deposited metal is confined in nanometefetal—insulator interface on the tunneling current has been
length scale in any direction and the electrons have to trav%xplained in terms of a double barrier mofel.

ballistically through the metal to the metal—insulator inter-

face. Low energy electron diffraction, Auger electron spec-

troscopy, and scanning tunneling microsco(®TM) and
other studies seem to point to the formation of Au grains  Au films were deposited om-type S{001) substrate
oriented along111) planes and the presence of a disorderedwithout removing the native oxide layeemploying a rf
region around the interfade? Due to the geometrical mis- magnetron sputtering techniquefeiffer PLS500, which is
match at the Au/3001) interface it is difficult to compute extensively used for device fabricatiériThese substrates
accurate electronic properties of that regfowhen a thin  were successively cleaned with trichloroethylene, acetone,
layer of SiGQ is present on Si, the barrier formed at the and methanol in an ultrasonic bath prior to deposition. Four

metal—-SiQ interface is much higher than that obtained di- films A, B, C, and D were deposited for 10, 30, 40, and 50 s,
rectly at the metal-semiconductor contact because of theespectively, keeping the power, Ar pressure during deposi-
large band gap of SiQ Although ballistic electron emission tion, and base pressure fixed at 30 W B0~ 3 mbar, and
microscopy studies have been done on the AWS8Y001)  4.0x10 ®mbar, respectively. The x-ray reflectivity mea-

systent, we are far from complete understanding of the elecsurements of these films were performed using a 18 kW ro-

tron transport across such interface barrier, especially forating anode(FR 591 Enraf Nonius x-ray source with

nanometer-sized Au clusters and films. CuK,; line monochromatized by a @il1) crystal® 1-V

In this study, our aim is to correlate the morphology andcharacteristics of the Au—Si3 Si structure present in the
electrical transport properties of Au/Sif5i(001) structure films were obtained from the STS measurements at room
using three different experimental techniques. The electrotemperature in ultrahigh vacuu(WHV) condition(Omicron

Nanotechnology GmbHusing a chemically etched W tip.

Y _ After etching, the tips were immersed in alcohol to avoid
Agthor to whom correspondence should be addressed; electronic ma'Bxidation and they were exposed in air for 2—3 min before
milan@Ilotus.saha.ernet.in . . .

bpresent address: Physical and Theoretical Chemistry Laboratory, Souffitroducing them into the vacuum chamber. In order to be
Parks Road, Oxford OX1 3QZ, UK. sure that the tip is not responsible for any insulating behavior

Il. EXPERIMENTS
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observed in STS measurements, we have tdkén curves -~
on Au(112) single crystalshown in Fig.  and compared the 107
data with the standard one. All the STM topographs were 10° F
taken in constant current mode using a sample bias b L
V and a set current of 0.5 nA and AFM measurements were 10°
made in contact mode using the same UHV setup. 7 F
10 F Sample A
-1 Py
IIl. RESULTS AND DISCUSSION = 10 . :
A. EDP from x-ray reflectivity E 10 i
- 5 F

In x-ray reflectivity measurements, a well collimated g 10°L
monochromatized x-ray beam is made to incident on sample = 1907 [
surface at a grazing angte (starting from a few milliradi- ; L
ang and the reflected intensity is recorded in the plane of aF :
incidence at an anglg. In specular conditions, the incidence 18 : ﬁ)
angle (@) and scattered anglg8) are equalla=B=6, say 10°F
and only the nonzero component of wave vegtpris given sF - {
by g,=(4w/\)siné, which is perpendicular to the sample 10 i (b)
surface. Herex is the wavelength of the x ray used. For x 107k Sample C ) < s
rays, the refractive index of any material is slightly less than = 2 3 2 3
unity and a positive critical angle. and corresponding criti- 10'F
cal wave vector can be obtained. By defining wave vector sF
in mediumn as q,,,=(g—q3,)*? the reflectance at any 10 F
sharp interfaces separating two mediand n+1, can be 107°F
written a0 o E

. :qz,n_qz,n+1 (1) . _Sample D 2 2 2

nn+1 qZ,n+QZ,n+l' 0.0 0.2 0.4 0.6 0.8 1.0

a, (A7)
For a thin film of thicknesdd (medium 2 deposited on a :

substratgmedium 2 the reflectance can be expresse%“%?s FIG. 1. X-ray reflectivity data and fitted curvesolid lineg for four
) samples(Inse) Typical (a) AFM and (b) STM topographs of all samples.
Foatri26Xpigd)

1+rgry€Xpig,qd)’

where the air/vacuum is considered as medium 0 with thavhere o, is the roughness at the interface @f<{1)th and
assumption that|,=q,o. The measured reflected intensity nth layer. These reflectances can then be used to calculate the
I(g,) can then be written as reflectivity R(qg,) of the entire film in the above mentioned
; ; ; ~11
(0 =1 4R(q). (3 'ecursive formula iterativel§

The x—y average EDP as a function of depifiz) can
Herel is the incident intensity of x ray of wavelengthand  be written as

Ir(q,)|? is the reflectivityR(q,). For a uniform thin film
R(q,) can be written using Eq2) as

ra,)= )

n
P(2)=2 Apif(z,00), 6)
rg,1+ r%,z"‘ 21 1r'1,2€040;1d)

R(g,)=|r(q,)|*= (4)  whereAp, is the change in electron density it interface

1+ r§'1r§,2+ 2r0,1'1,20040z1d) located at a positios; andf is an error function given by
It follows from Eq.(4), that the reflectivity profildR(q,) will
contairt! interference fringes, i.e., Kiessig fringes. The dif-
ference between successive minima of these fringes is in-
versely related to the thickness of the fitnThis formalism

can be generalized for a film having an EDP that can be ) o o
approximated byN discrete layers each having thickneks ~Where o; is the roughness of thih interface which is a
and electron density,. The reflectivity of thisN-layered parameter for the est|mat|or1 of interfacial width. It can be
system is calculated using a recursion relafioch.The ob-  Noted that these error functions of H§) come as Debye—
tained profile is then fitted to the experimental reflectivity Waller like functions for the reflectance of each interface in
profiles to extract EDP. For a real system one has to includgeciprocal space as given in E). .

the effect of roughness in reflectance of each interface and X-Tay reflectivity profiles, AFM and STM images of four

f(z,00)=1(z—z,09)

Z—Z
:Ui—l(zﬁ)‘l/zf 1exr(—t2/2cri2)dt, (7)

— o0

Eq. (1) becomes modified as films A, B, C, and D are shown in Fig. 1. We divided each
o 5 film into a few layers having constant electron densities for
M=1n="n-1n €XA~ 0.50(n-1)20nz0%), (®  calculating the reflectivity profiles using the above men-
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tioned formalism and then these profiles were fitted to the ._‘_‘r
experimental data. The fit parameters were the thick(mss A JL d
and electron densityp) of each layer. The roughness param- (a)
eters for each layefo) and that of the top surface and the
film—substrate interface were also kept as free parameters for
fitting. The roughness convoluted EDfefer to Eq.(6)] for

each film obtained by fitting the reflectivity data are shown =0

in Fig. 3. The total thickness of A, B, C, and D films were

found to be 55, 66, 73, and 81 A, respectively, from the c
analysis. As seen from the EDP, the electron density attains  (b) r
its highest value near the top of the film, then decreases to an a
intermediate value in the Au—substrate interface, and finally

reaches the electron density of Si through the,S&yer. The

maximum electron density is found to be 52%, 56.5%, 65%, Z=2c
and 69% of that of the bulk value of A@.4 electron/A).
Such reduction in electron density and the shapes of the
EDPs of all the four films indicate island growtwith low 1.0-
surface coverage of Au on Si substrate. With an increased ad L=t et
deposition time, as in film B, C, and D, islands grow in all 0.8- A L7 .'.O.o @
directions resulting in an increase in thickness and electron AL a0
density of the film. The shapes of the EDPs of all the films 0.6 4.7 e

indicate the presence of an interfacial layer at the Au-SiO < ‘a”.'. o
interface with a lower electron density than that at the top < 0.44 Lo @ 0 a:c
portion of the film. The thickness and the electron density of Axg%0 1:1
this interfacial layer will be discussed in the following agno 1:1.3

[e]
a
%
sections. 0:2 f * 1:1.6
A 1226
0.0- T T T T
5

B. Bearing ratio from scanning probe microscopy
(SPM)

AFM and STM images show island growth of Au on the 1.2
substrate surface in each sample. The region in between two
islands, which looks like a black patch in AFM and STM
images, may not be the substrate surface. It is the maximum
depth[denoted as in Fig. 2(a)] beyond which AFM/STM
cannot probe. In all AFM/STM height measurements this is
taken as the reference zero height. Thus when we place the
STM tip at a position like point A in Fig. @), we do not
know the actual height of this point from the substrate sur-
face. In order to obtain the actual height of this region from
the substrate surface we have to subtract the déptfrom
the total thicknessd) of the film as depicted in Fig.(d). To
know the value ofh for different films and to get an idea —————r—r vt y—r
about the change in island shape with the increase in depo- 100 10 20 30 40 50
sition time one can plot the average bearing rdtabtained (d) Z(A)
from the AFM and STM images. It is obtained by integrating FIG. 2. (a) Schematic of a surface with islands interconnected with an
the height histogram from the top surface. The bearing ratidnterfacial layer at the bottom. SPM cannot probe beyond the depth)

. A . P _ Area of a slice AA) cut from an ellipsoidal island is shown along with
IS aCtua”y a two d|menS|0na(I2D) projection of a 3D sur eometrical parameters used in the calculati@an.Plot of AA vs z for

facg. It g'Ves the percen'Fage of covered area in a film a_t gifferent a:c ratios. All the curves are normalized to unitg) Theoretical
particular height. Theoretically one can calculate the bearingearing ratio curvessolid lineg which matches with the experimental ones

ratio from simple geometry and to perform that Ca|cu|ation(symboI3 fqr all four samples. For samplg A, B, C, and D, the experimental
here we consider an eIIipsoidaI island present on a flat Su'tgearlng ratio curve matches the theoretical oneafmr=1:1.6, 1:4, 1:2.6,

f Th . f (i idi . b and 1:1.3, respectively. Inset(AA)/dz vs z plot for a:c=1:1.6(solid line)
ace. e equation of an ellipsoid is given by and the height histograifopen circlg¢ obtained from STM for sample A.

sample A
sample B
sample C
sample

> B o %

©
o
—1

normalized bearing ratio
©
»

e
=)

o
=)

x2+y? 22

>t 2 1, point from the center is given by=(a sir? +c?cos ¢
using the parametric equation of an ellipsoid. Now the area

where 2a is the axis length along andy direction and 2 is  of any slice cut from this ellipsoifas shown in Fig. @)] is

the same along the direction. The radial distance of any given by

1/2
a
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TABLE |. Parameters obtained by comparing bearing ratio with EDP for
four samples.

3 sample A| | Sample B

% of ¢
contributing
in bearing  d (A)
Sample a(A) a:c c(A) h(A) ratio from x ray d—h (A)

o

% A 27 1:116 43 44 100 55 11

1'° B 50 1:4 200 40 20 66 26
C 70 1:26 182 44 24 73 29
D 75 1:11.3 975 51 52 81 30

lized b

z(A) z(A) . . .
of local roughness, which gets convoluted with the island
FIG. 3. EDP(solid line) obtained from x-ray reflectivity and normalized shape in EDP, can be neglected here as from STM/AFM
bearing ratio obtained from AFNbpen circlg¢ and STM(open star for four measurements this value was found to be less than 2 A. For
samples. . . )
samples A, B, C, and D, from the bearing ratio plot we can
get information up to the depitth) of 44, 40, 44, and 51 A
AA= 712 sir? 6= (a2 sir? 6+ c2 co 6)sir? 6. (8) respectively. pr for sample A thg average island radius
_ _ _ ~27A as obtained from the STM image. Tharc=1:1.6
The pearlng rgtlo curve can be obtained by plottg as a gives c~43 A which is very close td (44 A) as obtained
function of heightz where from Fig. 3. That means, for sample A, the top half portion of
z=c—r cosf=c—(a’sir? 6+c?cos #)*?cosp. (9) the ellipsoidal islandthat is accessible to AFM and STM
measuremenjss contributing to the bearing ratio. Now sub-
tracting h from total thicknessl obtained from EDP we get
the thickness of the interfacial layer as 11 A. The schematic

The differential areagd(AA)/dz when plotted against will
give the corresponding histogram. Figur@)2shows a plot

of AA versusz for differenta:c ratios. It is clear from Fig. of the film will look like Fig. 2(a). Similarly for sample B

2(c) that the rising slopes of the curves are different for dlf-a~50 A a:c=1:4, andc~200 A. But heréh is obtained as

ferenta:c ratios. These theoretical curves are then fitted t040 A That means in this sample the entire top half portion of

the experimental ones. Before the fitting, we convoluted th%he island is not contributing to the bearing ratio as in the

theoretical curves with a Gaussian of full W|d_th at half maxi- case of sample A. Here only the top 40 A, which is 20% of
mum ~5 A which takes care of the effect of tip apex as well ~; . o . .
is responsible for the steep rise in the bearing ratio curve.

as the overall roughness of the film since the experimenta;i' . . . .
bearing ratio curve gives the average information over a cer- or this sample, subtractintgfrom d, we find the thickness

of the interfacial layer as 26 A. We have tabulated all these
parameters for four samples in Table I.
The above results indicate that the islands present in all

tain region.
The experimental bearing ratio curves obtained from

STM images for all four samples are shown in Figd)2In . ) .

our case the plotted bearing ratio is the average of a numb%lpe f'lm‘:_' ar](catEro_Ialte (sjphero!d?béa) n stthe_tr;nd thet b?t' ial

of bearing ratios calculated for different images taken at dif- om parts ot the islands are interconnected with an Intertacia
yer. As deposition time increases from sample A to B, the

ferent locations on a sample. The difference in rising slope / | ddenly i f 1610 4.0. indicati
of the curves can be attributed to different shapes of islang&' @ value suddenly increases from 1.6 10 4.9, indicating co-

for different films. For films A, B, C, and D, the experimental 'Pm”?‘r gror\]/vth '? sampl_eIB. c\jN'th more f||ncreaS(|a n:j_deposr
bearing ratio curves match with the theoretical onesafar gon time 1 E; co l:mnarfls ands sltart t(;] a;'geE, ea n;ghto a
=1:1.6, 1:4, 1:2.6, and 1:1.3, respectively, and their deriva: ecrease i/a value(refer to Table ). The thickness of the

tives give the corresponding height histograms as shown fdpterfacial layer gradually increases from sample A to D.
sample A in the inset of Fig. (d). We shall discuss the From the above calculations we get the thickness of the in-

shapes of islands in different films in more detail after com-t€rfacial layer, which is basically the actual height of the
paring the bearing ratio curve with the EDP in the next'©9ion in between islands, as 11, 26, 29, and 30 A for films
section. A, B, C, and D, respectively. Therefore when we place the
STM tip in between islands during STS, we are getting in-
formation from the interfacial layer, not from the substrate
surface. The average electron density of the interfacial layer

In Fig. 3 we plotted average bearing ratio curves ob-(refer to Fig. 3 comes out to be 1.3, 1.7, 2.0, and 2.3
tained from AFM and STM images along with the EDP ob- electron/& for films A, B, C, and D, respectively. At this
tained from the x ray. Here the plotted bearing ratio wasstage it is difficult to specify the actual composition and
normalized to the maximum of EDP. It is interesting to notestructure of this interfacial layer, but it has to be a network of
that we observed a similar nature of profiles obtained fromSi—O—Au that is generating the in between electron densi-
real and reciprocal space measurements, indicating the pretses. We plan to carry out further SPM studies by depositing
ence of a particular shape and size of the islands. The effetlhese films within the SPM vacuum chamber.

C. Comparison of bearing ratio with EDP
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: s 05nA * sampleD © sampleB 4 sampleA
: =] g Si-substrate —*— Au single crystal
: ° 1.0nA £
1 * 1.5nA ¥ 3 0.
: s 20nA L
; 0.5 nA _03
= F 1 g & 2|
< e i -
£ O mmmmme——— =
- 2.0 $0.2
! 4 0.5nA 5
‘ & §|1'5§A z 1.0 nA 301
-10F S 4o =10 . .
o S 2
E U =05 0.0
-20 ':* ‘F 0.0
: ; 1 L 1 L 1 L L L
-3 -2 -1 0 1 2 3 4 FIG. 5. (dI/dV)/(1/V) vsV plots obtaineda) on islands andb) in between

V (V) islands for different samples. The Alll) single crystal data is reduced five
times to fit in the scale.

FIG. 4. 1-V curves for different set currents with initial sample bias of
—1.5 V taken on A and B positions of sample(As shown in the STM

image at the top left insptOpen symbols denotie-V curves for different .
set currents obtained at A. Closed symbols denoté-thécurve at point B. a MIS system the voltage threshold for tunneling should be

Bottom right inset: ¢1/dV)/(1/V) vs V plots for different set currents ob- half of the semiconductor band gap if the Fermi level lies at
tained at point A. the midgap. The symmetric nature\df,= = 0.6 V for n-type
Si(001) used here as bare substrate, where the Fermi level
should move towards the conduction band by 0.3 eV depend-
ing on the concentration of the dopant in the substrate, arises
We performed systematic STS measurements of all thgue to band bending. Larger threshold vaMg= +0.9V
four films by placing the STM tip above chosen positions onobserved on islands of sample A as compared to the substrate
islands and in between the islands. Each curve was recorde@dn be explained by considering a double barrier tunneling
by keeping the feedback loop off and in each case fet  model where the electrons have to travel through two barri-
curves were taken at four different tip—sample separations bgrs: one formed by insulating SjQayer in between Si and
changing the set current. THe-V curves thus obtained on Au film and the other formed by vacuum in between Au film
different islands of each sample have similar nature, i.e., thegnd the STM tip. The Au film that is present inbetween two
all have the same slope and a suppression of current is olarriers is made of two portions, namely, the top Au islands
served around zero bias. In Fig. 4 we have shown a STMand the interfacial layer at the metal—insulator interface re-
image of sample A and-V curves taken on an island gion. If we consider the band gaps of the substrate and the
(marked B and in between islandsnarked A for different interfacial layer as B, and 2, respectively, then the ob-
set currents, as examples. TheV curves obtained inbe- servedV, should be equd to Ey+2E;, which gives E
tween islands are different in nature. All the-V curves  =0.3eV. The size of the Au island which can open up a gap
shown in this article are representative of 10-15 curvesf 0.3 eV can be estimated by considering a simple model of
taken at different locations of the sample and each curve ig particle in a box for independent electrons. The mean spac-
highly ~ reproducible. ~When we plot normalized ing of energy levels can be obtained byE
(dI/dV)/(1/V) curves as a function of bias voltage, which is =2 722/(m.k:V), wherem, is the electron mas&g is the
a direct measure of LDOS, the dependence of current on Fermi wave vector, an¥ is the Au island siz&” The level
tip—sample separation is removed and four curves merge &pacing is expected to be0.3 eV for a spherical island of
shown in the case of sample(Rig. 4). The threshold voltage radius 4.6 A which is much smaller than the islands present
Vi, (determined with an accuracy of 0.1 g\after which the  in our film. For these STS measurements the electrical con-
current starts to increase are shown in Fig. 5 for differenhections were taken from the tip and from the bottom of the
samples. Following Bardeen's transfer Hamiltoniansilicon. Therefore the electrons have to travel through a path
approach we can explain our observations with the assump-onsisting of Si—Sig(barried—interfacial layer—Au island—
tion that the DOS of the W tip is constant over the range ofvacuuntbarriey—tip. If we map it to an equivalent circuit, it

D. STS measurements

measurements. Accordingly is clear that the Au island and the interfacial layer are in
| series connection with respect to the tunneling current. We
d—Vocps(r,EF—eV), (10)  further assume that the top-to-central portion of the metallic

island in the path of the electron is equivalent to a lead con-
where p¢(r,Er—eV) is the local density of states of the nection in the circuit and it is not responsible for the sup-
sample evaluated at the tip positfom=(x,y,z) and at en- pression of current around zero bias. Thus in our case, it is
ergy E=Eg—eV. Thus in our measurement we are probingnot the whole island, but the interfacial layer of thickness
the LDOS of a MIS system. In the case of tunneling through~11 A at the Au—SiQ interface that has opened up a gap of
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0.3 eV. This phenomenon is found to be reproducible. As théroscopic studies are required to understand the exact nature
thickness of the interfacial layer increases in samples B, Gof this interface region, which can be the basis of formation
and D, in the case of tunneling through these islands obef quantum well structures in metallic systefis.
served threshold voltages become equal or less than that ob- In conclusion we have demonstrated that by combining
served for the substratsolid line in Fig. 9. In these cases x-ray reflectivity, STM, and AFM techniques one can extract
metal induced gap states are present in the substrate band gaprphology of ultrathin films, where the effect of confine-
region which are composed of the states from the tails of thenent depends strongly on the morpholdd§. We have
metallic wave function decaying into the semiconductor sideshown that measured STS data could be, at least qualita-
as observed earlié?-2°Thus we get metallic characteristics, tively, correlated to the morphology of the films. We are
i.e., states at the Fermi level and conductance increases witanning to performn situ low temperature STS measure-
the increase of thickness of interfacial layer from samples Anents during Au deposition on ®01) with and without the
to D. presence of the native oxide layer to elucidate the effect of
When we measure tunneling currents in between islandsnterfacial layer further. The presented technique will also be
only the interfacial layer is present between the two barriersiseful for the analysis of morphology of islands in various
and this interfacial layer is exposed because of the absence ofther nanostructural systems.
the covering islands. We assume here that due to this expo-
sure, additional surface states are prodL_Jced in the gap regiop . NOWLEDGMENT
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