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INVESTIGATION OF LOCAL TUNNELING CURRENT NOISESPECTRA ON THE SILICON CRYSTAL SURFACESBY MEANS OF STM/STSV. N. Mantsevi
h a*, N. S. Maslova a, G. Y. Cao baLomonosov Mos
ow State University, Department of Physi
s119991, Mos
ow, RussiabWuhan Institute of Physi
s and Mathemati
s, Chinese A
ademy of S
ien
es, ChinaRe
eived De
ember 5, 2014We report on a 
areful analysis of the lo
al tunneling 
ondu
tivity by means of ultra-high va
uum s
anningtunneling mi
ros
opy/spe
tros
opy (STM/STS) te
hnique in the vi
inity of low-dimensional stru
tures on theSi(111)�(7 � 7) and Si(110)�(16 � 2) surfa
es. The power-law exponent � of low-frequen
y tunneling 
ur-rent noise spe
tra is investigated for di�erent values of the tunneling 
onta
t parameters: relaxation rates, thelo
alized state 
oupling, and the tunneling barrier width and height.DOI: 10.7868/S004445101508012X1. INTRODUCTIONLow-frequen
y noise with the spe
tral density 1=f�is a ubiquitous phenomenon, whi
h hampers opera-tions of many devi
es and 
ir
uits. The problem oflow-frequen
y noise formation with a 1=f� spe
trumin ele
tron devi
es is one of the most interesting andimportant in re
ent years. Low-frequen
y noise wasdis
overed for the �rst time in va
uum tubes [1℄ andlater observed in a wide variety of ele
troni
 materi-als [2�4℄. The importan
e of the low-frequen
y noise forele
troni
 and 
ommuni
ation devi
es gave rise to nu-merous studies of its physi
al me
hanisms and methodsfor its 
ontrol. However, after many years of investiga-tion [5�8℄, the origin of 1=f� noise is still not 
lear. Upto now, the typi
al approa
h to the 1=f� noise problem
onsists in �by hand� introdu
ing a random relaxationtime � for a two-state system with the probability dis-tribution fun
tion A=��0 . Therefore, the noise spe
trumof a two-state system averaged over �0 has a power-lawsingularity. But the physi
al nature and mi
ros
opi
origin of su
h a probability distribution fun
tion is un-known in general. Although the 
urrent noise gives abasi
 limitation for the performan
e of a s
anning tun-neling mi
ros
ope, only a limited number of works weredevoted to the study of 1=f� noise. Correspondingly,*E-mail: vmantsev�spmlab.phys.msu.su

no 
omprehensive methods for low-frequen
y noise sup-pression in modern devi
es and espe
ially in the tun-neling 
onta
ts have been developed.The s
anning tunneling mi
ros
opy (STM) data ob-tained above the surfa
e of pyrolyti
 graphite wereanalyzed in [9℄ and [10℄. The power-low exponent �equal to about 1.4 was determined in [10℄. The tun-neling 
urrent noise spe
trum in the vi
inity of indi-vidual impurity atoms on an InAs(110) surfa
e was in-vestigated in [11℄ and it was revealed that the power-law exponent of 1=f� noise depends on the presen
eof an impurity atom in the tunneling jun
tion area.The tunneling 
urrent noise at the zero value of ap-plied bias voltage was investigated in [12℄. Measure-ments were 
arried out at the ultra-high va
uum 
on-ditions at the base pressure 5 � 10�11 Torr. It hasbeen demonstrated that at the zero bias voltage, the1=f� 
omponent of noise in the tunneling 
urrent van-ishes and white noise be
omes dominant. The physi-
al phenomena that govern the 1=f� tunneling 
urrentnoise �u
tuations were dis
ussed in [13�15℄. Coulombblo
kade as one of the sour
es of 1=f� noise formationwas 
onsidered in [13℄. Another possible me
hanism is
onne
ted with the atomi
 adsorption/desorption pro-
esses on the sample/tip surfa
e in the tunneling 
on-ta
t [14℄. In [15℄, the 1=f� tunneling 
urrent noisewas explained in terms of surfa
e di�usion of adsorbedmole
ules in the tunneling 
onta
t area.299
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al investigations of the noise in a two-level system was 
arried out in [16�19℄. In [16℄,the authors studied 
urrent noise in a double-barrierresonant-tunneling stru
ture due to dynami
 defe
tsthat swit
h states be
ause of their intera
tion with aheat bath. Time �u
tuations of the resonant level re-sult in low-frequen
y noise, whi
h depends on the rel-ative strengths of the ele
tron es
ape rate and the de-fe
t swit
hing rate. If the number of defe
ts is large,the noise is of the 1=f type. In [17℄, the authors stud-ied shot noise in a mesos
opi
 quantum resistor. Theyfound 
orrelation fun
tions of all orders and the distri-bution fun
tion of the transmitted 
harge and 
onsid-ered the Pauli prin
iple as the reason for the �u
tua-tions. The 
urrent �u
tuations in a mesos
opi
 
ondu
-tor were studied in [18℄. A general expression for �u
-tuations in a 
ylindri
al tunneling 
onta
t in the pres-en
e of a time-dependent voltage was derived. In [19℄,the authors demonstrated that low-frequen
y tunnel-ing 
urrent noise is the result of a sudden Coulomb-intera
tion swit
hing on and o� of 
ondu
tion ele
tronswith 
harged states lo
alized in the tunneling 
onta
t.To the best of our knowledge, tunneling 
ur-rent noise STM/STS (s
anning tunneling spe
tros
opy)measurements have been performed only for relativelysimple surfa
es like those of gold, graphite, or graphene.In this paper, we report on detailed investigations of thelow-frequen
y tunneling 
urrent noise spe
trum in thevi
inity of low-dimensional stru
tures on the Si(111)�(7�7) and Si(110)�(16�2) surfa
es. We payed spe
ialattention to the dependen
e of the power-law exponent� of the low-frequen
y tunneling 
urrent noise spe
-trum on the tunneling 
onta
t parameters: relaxationrates, the lo
alized state 
oupling, and the tunnelingbarrier width and height. De
reasing low-frequen
ynoise is a ne
essary and important task for perform-ing pre
ision measurements. During s
anning tunnel-ing mi
ros
opy experiments, we often deal with mea-surements in the presen
e of lo
alized states. Hen
e,our main goal was to investigate low-frequen
y noiseon surfa
es, where lo
alized states are formed by thelow-dimensional surfa
e stru
tures, and to analyze thein�uen
e of system parameters (the tunneling 
urrentand the bias voltage) on the behavior of low-frequen
ynoise. 2. EXPERIMENTALTunneling 
urrent spe
trum measurements wereperformed with the use of a spe
ially 
onstru
ted ex-perimental setup in
luding both hardware and software

parts, whi
h was in
orporated into a 
ommer
ial ult-ra-high va
uum (UHV) room temperature STM Omi-
ron system (base pressure 2 � 10�11 Torr). The UHVsystem is de
oupled from the building by a spe
iallydesigned vibration isolation �oor for optimal measure-ment 
onditions. In all the experiments, ele
tro
hem-i
ally et
hed tungsten tips were used. The STM tipswere produ
ed from tungsten wires (0:25 mm in diam-eter) that were ele
tro
hemi
ally et
hed in 10% KOHsolution and 
leaned in the UHV by �ashing due to thedire
t 
urrent �owing. STM topographi
 images wereobtained in the 
onstant-
urrent mode.All the measurements were performed at room tem-perature. Before the beginning of any noise measure-ments, it was ne
essary to wait for more than 6 h torea
h thermal equilibrium of the STM me
hani
al headto avoid thermal drift and 
erami
s 
rip. Thermal equi-librium was extremely important be
ause the feedba
kloop was swit
hed o� during the noise measurementsto prevent any spe
trum 
hanges 
aused by the STMele
troni
s. Be
ause we were interested in the frequen-
ies lower than 1 Hz, an experimental run for one 
urvelasted for more than 100 s. Our main goal was to an-alyze how the tunneling 
onta
t parameters in�uen
ethe value of the tunneling 
urrent noise spe
trum, mea-sured in the vi
inity of lo
alized surfa
e states formedby the low-dimensional surfa
e stru
tures and surfa
edefe
ts. We performed tunneling 
urrent noise spe
-trum measurements in the vi
inity of surfa
e defe
tson a Si(111)�(7� 7) surfa
e and in the vi
inity of one-dimensional stru
tures on the Si(110)�(16� 2) surfa
e.Si(111) samples doped by P were 
ut from the 
om-mer
ially available wafers. The doping 
on
entrationwas 5 � 1015 
m�3. Si(110) samples were 
ut fromthe P-doped (110) oriented Si wafers with the nomi-nal doping 
on
entration about 5 � 1016 
m�3. Sampleswere ultrasoni
ally 
leaned in a
eton and distilled wa-ter. With the use of �Ni-free� tools, they were mountedon the sample holder made from tantalum and degassedat 600 ÆC for 12 h. Further preparation of Si(111)surfa
e deals with sample �ashing at 1200 ÆC by di-re
t 
urrent �owing and the subsequent slow sample
ooling. Finally, the (7 � 7) re
onstru
tion was ob-tained on the Si(111) surfa
e. A typi
al STM imageof the Si(111)�(7� 7) surfa
e re
onstru
tion is shownin Fig. 1a. The STM-measured stru
ture is 
onsistentwith the surfa
e model of Si(111)�(7� 7) suggestedin [20℄. After degassing, Si(110) samples were pro
essedwith argon-ion sputtering at 5 kV and 50 mA during1 h. In the �nal stage of Si(110) surfa
e preparation,samples were �ashed at 1470 ÆC dy dire
t 
urrent �o-wing and slowly 
ooled down. A typi
al STM image of300
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Fig. 1. a) STM image of Si(111)�(7 � 7) surfa
e re-
onstru
tion. S
an area is 275 � 275Å2. Applied biasvoltage Ut = �1 V, tunneling 
urrent It = 50 pA. Thearea that 
orresponds to the tunneling 
urrent noisespe
trum measurements is marked by the bla
k re
tan-gle. b ) Tunneling 
urrent noise spe
tra in the doublelogarithmi
 s
ale for di�erent values of the tunneling
urrent: 1 � It = 25 pA; 2 � It = 100 pA. Appliedbias Ut = �1 V. Power-law exponent values are shownin the �gureSi(16� 2) re
onstru
tion on the Si(110) surfa
e is pre-sented in Fig. 2a. Areas with 5� 1 re
onstru
tion arealso seen on the surfa
e. The measured STM stru
tureis 
onsistent with the �pentagons� model of Si(110)�(16� 2) surfa
e re
onstru
tion [21; 22℄.The following experimental noise measurement pro-
edure was used. After the sample preparation de-s
ribed above and the STM tip approa
h, it was ne
es-sary to wait for about 6 h to ri
h equilibrium tunneling
onditions. Performed next were the sear
h for an iso-lated defe
t on the Si(111) surfa
e or a one-dimensionalstru
ture on Si(110) by means of STM imaging and a
-
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Fig. 2. a) STM image of Si(110)�(16 � 2) surfa
e re-
onstru
tion. S
an area is 230 � 230Å2. Applied biasvoltage Ut = �1:5 V, tunneling 
urrent It = 50 pA.The area that 
orresponds to the tunneling 
urrentnoise spe
trum measurements is marked by the bla
kre
tangle. b ) Tunneling 
urrent noise spe
tra in thedouble logarithmi
 s
ale for di�erent values of the ap-plied bias voltage: 1 � Ut = �0:7 V; 2 � Ut = 0:7 V.Tunneling 
urrent It = 25 pA. Power-law exponent va-lues are shown in the �gurequisition of a high-resolution (5 nm�5 nm) STM imageof the 
orresponding part of the surfa
e. The STM tipwas positioned right above the defe
t or the one-dimen-sional stru
ture on the surfa
e with �xed values of thetunneling 
urrent and applied bias voltage. Be
ause therelative displa
ement of the STM tip is small, the ef-fe
ts 
aused by manipulator 
erami
s 
reep are almostnegligible, and hen
e only a few minutes are neededfor stabilization. The feedba
k loop was interruptedfor the time ne
essary to perform the tunneling 
ur-rent measurement, after whi
h the feedba
k loop wasswit
hed on again. Finally, the 
ontrol a
quisition of a301
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h, N. S. Maslova, G. Y. Cao ÆÝÒÔ, òîì 148, âûï. 2 (8), 2015high-resolution (5 nm � 5 nm) STM image of the sur-fa
e in the vi
inity of the defe
t or the one-dimensionalstru
ture were performed to avoid any 
hanges duringmeasurements.3. RESULTS AND DISCUSSIONWe revealed in our previous paper [11℄ that thereis a variation of the power-law exponent value in thevi
inity of lo
alized surfa
e states in 
omparison withthe measurements performed far away from surfa
e-lo-
alized states. We revealed that the strongest e�e
to

urs in the 
ase where measurements are performeddire
tly above the lo
alized states. Our aim in this pa-per was to analyze the dependen
e of the power-lawexponent of the low-frequen
y tunneling 
urrent noisespe
trum on the tunneling system parameters. We 
on-sider that su
h analysis is mostly evident in the 
asewhere the e�e
t is the strongest. This takes pla
e whenmeasurements are performed dire
tly above the surfa
edefe
ts.We start the dis
ussion with the results obtainedfor the Si(111)�(7�7) surfa
e. Tunneling 
urrent noisespe
trum S measurements were performed above thesurfa
e area marked by the bla
k re
tangle in Fig. 1aand are shown in Fig. 1b. Curve 1 was measured withthe tunneling 
urrent setpoint It = 25 pA and 
urve2, with It = 100 pA. The tunneling 
urrent setpointis the value that 
ontinues being 
onstant during themeasurement pro
edure when the STM feedba
k loopis interrupted. The value of applied bias voltage wasthe same during both measurements and was equal toUt = �1 V. It is evident from Fig. 1b that the shape ofthe tunneling 
urrent noise spe
trum 
an be approxi-mated in the best way by a 1=f� dependen
e. Devia-tions from this dependen
e be
ome noti
eable for thefrequen
ies higher than 800 Hz. A �tting pro
eduregives the following values for the power-law exponents:� = 0:50� 0:02 for It = 25 pA and � = 0:49� 0:02 forIt = 100 pA. The di�eren
e between the exponent val-ues is lower than the experimental error. Consequently,it is possible to 
on
lude that the tunneling 
urrentnoise spe
tra are almost insensitive to the value of thetunneling 
urrent setpoint. The tunneling 
urrent valuedire
tly determines the distan
e between the surfa
elo
alized state formed by the defe
t and the lo
alizedstate on the STM tip. With an in
rease in the tunne-ling 
urrent, the distan
e de
reases and stronger 
ou-pling between lo
alized states takes pla
e. Be
ause wehave not found the power-law exponent 
hanges withthe 
hanging the tunneling 
urrent, we 
an 
on
lude

that the tunneling 
urrent noise spe
trum amplitudedoes not depend on the 
oupling strength between thelo
alized states in the tunneling 
onta
t.Some additional noise (spikes) visible on the mea-sured spe
tra are most probably due to the mi
rophonee�e
t and have no in�uen
e on the presented data. Thedash-and-dot lines in Figs. 1b and 2b show the linearapproximation of the 
urrent noise spe
trum 
urve ob-tained by the least-mean-squares (LMS) method in thefrequen
y range from 0:1 Hz to 1 kHz (the 
uto� fre-quen
y). The power-law exponent was determined us-ing several (at least 5) independent measurements inea
h 
ase.We also measured tunneling 
urrent noise spe
traabove the re
onstru
ted Si(110)�(2� 16) surfa
e. Tun-neling 
urrent noise spe
trum measurements were per-formed above the surfa
e area marked by the bla
kre
tangle in Fig. 2a and are demonstrated in Fig. 2b.The obtained results demonstrate a signi�
ant di�er-en
e for the power-law exponent values measured forthe di�erent values of the applied bias: � = 0:66�0:03for Ut = �0:7 V and � = 0:98 � 0:05 for Ut = 0:7 V.The di�eren
e is far above the experimental error level.We 
an explain su
h a strong di�eren
e between theobtained values of the power-law exponent as follows.When ele
trons tunnel from the sample valen
e bandto the STM tip 
ontinuous-spe
trum states, the overalldispersion of the tunneling 
urrent noise spe
trum isa few times higher in 
omparison with the dispersionof the tunneling 
urrent noise spe
trum for a positivevalue of the applied bias, when ele
trons tunnel fromthe STM tip 
ontinuum-spe
trum states to the sample
ondu
tion band. This means that the power-law expo-nent value strongly depends on the ele
troni
 stru
tureof the surfa
e and, 
onsequently, is determined by therelaxation rate values in the tunneling 
onta
t.The obtained results 
orrespond to the theoreti
almodel proposed in [19℄, where the authors analyzedmodi�
ations of the tunneling 
urrent noise spe
trumby the Coulomb intera
tion of 
ondu
tion ele
trons inthe leads with nonequilibrium lo
alized 
harges in atunneling 
onta
t due to the sudden swit
hing on ando� of lo
alized-state Coulomb potentials during theele
tron tunneling pro
esses.4. CONCLUSIONWe performed a detailed investigation of thetunneling 
urrent noise spe
trum dependen
e on thetunneling 
onta
t parameters. We demonstrated thatthe power-law exponent strongly depends on the302
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 stru
ture of the sample and is independentof the value of the lo
alized state 
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