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L ow -t emp erat ure scann ing tunne lin g spectroscop y measurements on
semicon ductor sur face are descri bed. W e consider bot h surf aces which do
not possesssurf ace states w ithin the bul k bandgap , such as Ga A s(110), and

surf aces w hich do have states w ithin the gap, such as Ge(111) 2 È 1 and
Ge(111)c( 2 È 8 ). Band bendin g in the semiconductor due to the electric Ùeld
in the vacuum penetrating the semiconduc tor is found to b e a substantial

e˜ect in the former case. T ransp ort limitati ons in the semiconductor give rise
to additiona l voltage drops, w hich can be observed by making measurements
over a w ide range of tunnel current magnitudes .

PAC S numb ers: 73.20.H b, 71.20.N r, 68.37.Ef

1. I n t rod uct io n

Studi es of semiconducto r surfaces usi ng scanni ng tunnel ing spectro scopy
(STS) have been acti vely pursued for nearl y 20 years, but i t is onl y over the
past 5 years tha t m easurements at low temperatures have been conducted. Mo st
nota bly, di screte accumul ati on layer states have been resolved in low- temperature
spectra of InAs(1 10) surfaces [1], and the magneti c Ùeld dependence of these states
has revealed a weal th of interesti ng phenom ena [2]. GaAs(1 10) surface have also
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been studi ed at low tem perature, incl udi ng an exam inati on of features associated
wi th dopant ato m s near the surface [3{ 7]. In contra st to these studi es of I II{ V
semiconducto r surfaces, whi ch do n o t have electronic states wi thi n the semicon-
ducto r band gap [8], several low- temperature STS studi es have also been reported
for surfaces whi ch are dom inated by surf ace states [9{ 12]. A disti nct sharpening
of the spectra l l ines at low tem perature is found, m aki ng possible a more deta i led
interpreta ti on of the scanni ng tunnel ing microscopy (STM) imaging m echanisms
[9, 11]. Possible tem perature- dependent l im i tati ons in the tunnel ing pro cess have
also be proposed [12].

In thi s paper we present resul ts from our recent studi es of semiconducto r
surf aces using low- temperature STS, discussing spectra acqui red from GaAs(1 10),
Ge(111)2 È 1 , and Ge(111)c( 2 È 8 ) surfaces [7, 11, 13].

2 . Ex p er im ent

Al l the semiconducto r surfaces prepared f or our studi es have been form ed
by cleavage of smal l pi ecesof semiconducto r waf ers. For the case of GaAs we start
wi th an f 100g -ori ented wafer, and the f 110g cleavage faces are perpendicul ar to
the wafer surface. For Ge we start wi th a f 111g -ori ented wafers, so tha t the f 111g

cl eavage faces are ori ented at 109.5£ to the wafer surf ace. Our GaAs wa fers were
n - typ e (Si -doped) wi th a speciÙed donor concentra ti on of (2 .0{ 2 : 6 ) È 1 0 1 8 cm À 3 ,
correspondi ng to a room temperature resistivi ty of about 0.0015 ¨ cm. The Ge
wa fers were p -typ e wi th room tem perature resistivi ty of 0.2 ¨ cm, corresp ondi ng
to an acceptor concentra ti on of about 2 È 1 0 1 6 cm À 3 . Al l sam ples were cleaved in
ul tra -high-vacuum (pressure of about 1 È 1 0 À 1 0 T orr). Cl eavage was perform ed at
room temperature. For the case of the Ge(111)c( 2 È 8 ) surface the sam ple was then
resisti vely heated to a tem perature of about 5 0 0 £ C for a f ew m inutes. Im mediatel y
fol lowi ng cleavage and/ or heati ng the sampl eswere cooled to about 50 K and were
intro duced into a l iquid-He cryostat conta ining the hom e-bui l t STM [14]. Results
presented in thi s paper were acqui red wi th the ti p and sam ple at a tem perature
of about 10 K, unl essotherwi se speciÙed. Pro be-ti ps were form ed pri or to sampl e
cl eavage by maki ng a contro l led mechanical conta ct of a tung sten ti p to a cl ean
copper surf ace, thereby tra nsferri ng copper ato m s to the end of the ti p. Meta l l ic
ti ps are found to rel iably f orm in thi s m anner [7]. Scanning tunnel ing microscopy
im ages were acqui red at a consta nt current of typi cal ly 0.3 nA, and at vari ous
sam ple-ti p vol ta ge speciÙed below.

T unnel ing spectra were acqui red using a vol ta ge m odul atio n of 10{ 20 m V
and empl oyi ng a lock- in ampl iÙer to obta in the conducta nce. For spectra over a
wi de vo l tage range, the techni que of conti nuously varyi ng sam ple-ti p separati on
wa s used to ensure a large dyna m ic range m easurements [15], appl yi ng an o˜set
to the sam ple-ti p separati on of the form Â s = a j V j , where V i s the sam ple-ti p
vo l tage and values of a of typi cally 1 ¡A/ V were employed. The spectra are norm al -
ized by com puti ng the rati o of di ˜erenti a l to to ta l conducta nce, (d I =dV ) =( I =V ) ,
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where som e broadeni ng is appl ied to ( I =V ) in order to form a suita ble norm al iza-
ti on quanti t y (i .e. to avoid di vergences whi ch otherwi se occur at the band edges)
[15, 16]. For the GaAs norm al ized spectra shown here we use a bro adening of 1.5 V
and for the Ge spectra we use 1.0 V.

3. R esul t s an d d iscu ssio n

3.1. GaA s(110)

Fi gure 1 shows a consta nt- current STM im age of an n - typ e GaAs(1 10) sur-
face, acqui red wi th sam ple vol ta ge of +1 .5 V (thus correspondi ng to electrons
tunnel ing from the pro be-ti p into norm al ly empty states of the sampl e). The cor-
rug ati on of the 1 È 1 surface uni t cell , m easuri ng 5 : 6 5 È 4 : 0 0 ¡A, is clearl y vi sibl e.
In addi ti on, dopant ato m s are revealed by the presence of the region of ra ised
corrug ati on, as labeled by (f ){ ( j ) in Fi g. 1. Such dopant ato m features in STM
im ages have been extensi vel y studi ed in the past, at both room tem perature (R T)
[17{ 19] and low temperature (LT) [3{ 6]. D opant ato m s in the surf ace ato m ic plane
and in typi cal ly about 5 subsurf ace planes are seen. For the present exp eriment,
assuming tha t dopants as deep as the 5th layer are vi sible, we obta in a dopant
concentra ti on of 5 È 1 0 1 8 cm À 3 , in reasonable agreement wi th the speciÙed donor
concentra ti on of our sampl es. In addi ti on to dopant ato m s, we also observe a few
other f eatures indi cated by V and R in Fi g. 1, and we associ ate these f eatures
wi th either surface defects such as vacancies, or residual surf ace conta minatio n,
respect ively.

Fig. 1. Constant- current ST M image of n -typ e GaA s(110) surf ace, acquired at a sam-

ple voltage of + 1. 5 V . T he gray scale range is 0.5 ¡A . Lo cations at which tunnelin g

spectra w ere acquired are indic ated by (a) {( j ). Surf ace defects (probably vacancies) are

indica ted by V and residual surf ace contamination by R .
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A tunnel ing spectrum acqui red at a typi cal surf ace locati on (not near a
defect or dopant ato m ) is shown in Fi g. 2. Thi s spectrum wa s acqui red over a
large vol ta ge range using the variable sam ple-ti p separati on metho d described in
Sect. 2. The conducti on band (CB) and valence band (VB) components in the
conducta nce are clearly seen, and the band edge are m arked in the spectrum . W e
deÙne a band gap as the separati on between these band edges,yi elding an observed
value of 1 : 6 0 Ï 0 : 0 5 eV for thi s LT spectrum . Thi s resul t is slightl y larger tha n the
exp ected LT band gap of GaAs of 1.52 eV; thi s discrepancy m ay arise from e˜ects
of ti p- induced band bending [20]. Room tem perature spectra actual ly yi eld a band
gap somewhat closer to the exp ected value [21], but the band bending e˜ects in
tha t case may be som ewhat m asked by the exp ected therm al bro adening of the VB
and CB conducta nce edges into the gap region. One disti nct surface-state related
feature is observed in Fi g. 2 at +0 .72 V.

Fig. 2. T ypical low -temp erature tunneli ng spectrum (not near dopant atom) of n -typ e

GaA s(110) surf ace, acquired at a temp erature of 10 K . T he conductio n band and valence

band edges are indica ted by dashed lines, and the ticmark at + 0.72 V indicate s a surf ace

state. T he sharp lines in the bandgap region arise from locali zed accumulation layer

states. For sample states prob ed by the tip Fermi level, the sample voltage corresp onds

to the energy of the state relative to the sample Fermi level.

LT and RT spectra for GaAs(1 10) appear qui te sim i lar, wi th the excepti on
of the sharp spectra l l ines seen in the bandgap region for the LT spectrum . A
nonzero current and conducta nce is also seen there for the RT spectrum , and thi s
component of the current was correctl y identi Ùed in early work as ari sing from an
accum ul atio n layer at the surf ace (f orm ing the so-cal led \ dopant induced" current
component) [20]. In the case of low tem peratures, discrete spectra l ines ari se in thi s
reg ion of the spectrum . These l ines arise from the discrete localized states tha t f orm
in the potenti al of the ti p-semiconducto r system ; one can thi nk of the potenti al
beneath the ti p as form ing a typ e of \ quantum dot" whi ch tra vel s thro ugh the
semiconducto r as the probe-ti p m oves [1]. As discussed below, the accum ulati on
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layers states are perturb ed by the presence of a nearby dopant ato m , and new l ines
associ ated wi th the dopant ato m also appear in the spectra.

Fi gure 3 shows indi vi dual tunnel ing spectra acqui red at the surf ace locati ons
indi cated in Fi g. 1. (The spectra in thi s case are acqui red over a narro wer vol tag e
range tha n tha t of Fi g. 1, so tha t a constant sam ple-ti p separati on is used for the
acqui siti on and we display simpl y the measured conducta nce wi th no norm al iza-
ti on.) Spectra (a){ (e) were acqui red on bare surface locati ons f ar from any defects
or dopant ato m s.The spectra al l look sim i lar, wi th a few (general ly three) di screte
l ines observed in the range from { 0.8 to { 1.2 V. Occasional ly the l ine nearest 0 V
m ay have enhanced intensi ty (as in Fi g. 3c), but we associ ate such a spectrum

Fig. 3. Tunneling spectra acquired at the surf ace locations indica ted in Fig. 1. Sp ec-

tra (a){(e) were acquired at location s far from dopant atoms, and spectra (f ){(j ) w ere

acquired directly on top of dopant atoms. Each spectrum is multiplied by the factor

indica ted prior to plotting , for ease of view ing. Successive spectra are shif ted by one

unit along the vertical axis. Discrete spectral lines observed at the dopant atoms are

indica ted by A ; B , and C .



210 R.M. Feenstra et al .

wi th the uni ntenti onal proxi m it y of a dopant or defect ato m s. Spectra (f ){ (j ) were
acqui red at the locati on of dopant ato ms. Three new spectra l l ines are vi sible in
tho se spectra, labeled A , B , and C in Fi g. 3f. The Ùrst l ine, denoted A , occurs
at positi ve sam ple vol ta ges very near the onset of the CB com ponent. The second
l ine, denoted B, occurs at a negati ve vol ta ge, who se m agni tude is nearl y equal to
the vo l tage positi on of the A l ine. The thi rd l ine, denoted C , occurs at a negati ve
vo l tage wi th magni tude slightl y less tha n tha t of the accum ulati on layer spectra l
l ines. In term s of i ts vol ta ge positi on it is someti mes di£ cul t to disti ngui sh thi s
l ine from tho se of the accum ulatio n layer l ines. Ho wever, we Ùnd tha t the l ine
C eit he r displ ays a cl ear vo l tage separati on f rom the accumul atio n layer l ines or

i t displ ays a clear enhancement in intensi ty compared to the accum ulatio n layer
l ines, so in al l cases we regard i t as a disti nct, new spectra l f eature.

T o identi fy the orig in of the discrete spectra l l ines observed wi thi n the band
gap region in the LT spectra of the n -typ e GaAs(1 10) surfaces, one must consider
the ti p- induced band bending in the semiconducto r. W e perform one-di mensional
computa ti ons in a m anner identi cal to tha t described in R ef. [20] [7]. Energ y band
pro Ùles incl udi ng semiconducto r, vacuum, and probe-ti p are pictured in Fi g. 4
for a few choices of sampl e-ti p vo l ta ges whi ch turn out to be importa nt in our
di scussion below. Tho se di agrams show the CB m inimum of the sam ple to gether
wi th the Ferm i levels of ti p and sampl e. No te tha t the diagram s are drawn to scale
in the horizonta l (di stance) and verti cal (energy) axes, as indi cated in the Ùgure.

Fi gure 4a shows the case of 0 V between sampl eand ti p; we assume a ti p work
functi on of 4.5 eV and GaAs electron a£ ni ty of 4.07 eV, so tha t depleti on near the
surf ace resul ts, as seen in the di agram. The surface band bending is 0.18 eV. As the
vo l tage is increased the semiconducto r becomes m ore depleted, and a turn- on of
the current occurs only when the ti p Fermi level is al igned wi th the CB m inimum at
the surface, as pi ctured in Fi g. 4b (the sam ple-ti p vo lta ge requi red for thi s situa ti on

Fig. 4. T heoretical band proÙles at energies near the Fermi levels of the metal prob e- tip

and the semiconductor sample. ProÙles are draw n to scale in b oth energy and distance.

A sample- tip separation of 9 ¡A is used. Case (a) show s the band proÙle for zero voltage

b etw een sample and tip. Cases (b){(d) show s cases which corresp ond to the observed

spectral lines A À C , respectively . The heavy line in case (d) indicate s a lo calized accu-

mulation layer state, j ust forming at that energy .
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is +0 .20 V). Now, wi th a nearby dopant atom a di screte state is present just below
the CB m inimum , and thi s state wi l l be thus seen in a spectrum near thi s vol ta ge.
W e associate tha t state, i .e. tunnel ing into the dopant state, wi th the feature A

seen in our spectra. At negati ve sam ple-ti p vo l tages, current from the occupi ed CB
states into the ti p wi l l start to be observed, i .e. the dopant- induced component.
Thi s component turns on when the sam ple Ferm i level is al igned wi th the CB
m inimum at the surface, as pictured in Fi g. 4c (the sam ple-ti p vol ta ge requi red
for tha t situa ti on is { 0.24 V). Ag ain, wi th a nearby dopant ato m a discrete l ine
wi l l be seen at thi s vo l tage, associated wi th tunnel ing out of the dopant ato m s.
W e associate tha t feature wi th our observed spectra l l ine B . Fi nal ly, at larger
negati ve vol tag es local ized states wi ll form in the accum ulati on layer whi ch exists
at the surface. Using the W KB approxi mati on we can m ake a non-self-consistent
estim ate of the vol ta gesat the Ùrst local ized states f orm s, whi ch yi elds a vol ta ge of
{ 0.76 eV, as shown in Fi g. 4d. Near a dopant ato m thi s state wi l l be signi Ùcantl y
perturb ed. It wi l l be local ized latera l ly by the potenti a l of the dopant ato m , and
verti cal ly (into the semiconducto r) by the band bending potenti al from the ti p. A
new typ e of state is form ed, spli t o˜ from the accum ulati on layer states, and we
associ ate thi s state wi th the observed feature C in our spectra.

The discrete spectra l l ines associated wi th the accum ulati on layer and dopant
ato m s, as seen in LT- STS spectra , have several appl icati ons. Fi rst, as menti oned in
Sect. 1, the m agneti c Ùeld dependence of the l ines can pro vi de deta i led inf orm ati on
on the physi csof potenti al Ûuctua ti ons and quantum states in the m ateri als [2]. On
a m ore appl ied basis, the positi on of the spectra l lines can be used to determ ine the
doping density in the semiconducto r [7]. Essenti al ly, the determ inati on of doping
density using tunnel current involv es two m ain unkno wn param eters: the doping
density i tsel f and the conta ct potenti al between ti p and sampl e. By observi ng two
spectra l features, the A and B l ines, both of these unkno wns can be determ ined.
R eferri ng to Fi g. 4, and placi ng for ease of discussion the sam ple Ferm i level ri ght
at the CB mini mum , we see tha t the B l ine positi on corresponds to the vol tag e
requi red to obta in Ûat band condi ti ons in the semiconducto r. Thi s vol ta ge thus
essential ly equals the conta ct potenti al di ˜erence between ti p and sam ple, thereby
determ ining tha t param eter. Using the addi ti onal inf orm ati on pro vi ded by the
positi on of the A l ine, the dopi ng density can be determ ined. W e note tha t thi s
techni que for doping density determ inati on is not restri cted only to LT- STS mea-
surements. Even at room tem perature the dopant- induced (accum ulatio n layer)
component to the current is routi nely observed [16]; the onset of tha t com ponent
is basical ly the sam e as the locati on of the B l ine here, and the locati on of the
CB com ponent of the current is the sam e as the A l ine positi on. W i th a series
of band bendi ng computa ti ons, RT or LT tunnel ing spectra of GaAs(1 10) surface
can thus, in pri ncipl e, be used to determ ine dopi ng concentra ti on of the GaAs. W e
do note, however, tha t a quanti ta ti ve understa ndi ng of ti p- induced band bending
m ust also incl ude considerati on of the pro be-ti p curv ature. The three- dim ensional



212 R.M. Feenstra et al .

nature of the pro be-ti p can substa nti al ly reduce the ti p- induced band bending [22],
and tho se e˜ects m ust also be incl uded in any com plete analysis of the problem.

3.2. Ge(111) 2 È 1 and Ge(111)c( 2 È 8 )

Fi gure 5 shows a typi cal STM im age acqui red from our cleaved Ge(111)
surf aces. As previ ousl y described, these surfaces consi st of ordered 2 È 1 dom ains
(6 : 9 3 È 4 : 0 0 ¡A uni t cell ), intersp ersed wi th areas conta ining di sordered adato ms
arra ngements [23]. The surfacesgeneral ly conta in about 50% of each typ e of struc-
ture. The size of the dom ains v aries from cleave to cl eave, but typi cal ly i t is about
5 nm . T unnel ing spectra were acqui red from the center of well -ordered 2 È 1 do-
m ains.

Fig. 5. ST M image of cleaved Ge(111) surf ace. A w ell- ordered 2 È 1 domain is seen in

the center of the image, w ith disordered adatom arrangement visibl e on the right and

lef t sides of the image. The image w as acquired w ith a sample voltage of {1. 5 V and

constant tunnel current of 1 nA . Gray scale range is 0.9 ¡A .

Fi gure 6 presents results for a tunnel ing spectrum obta ined f rom the
Ge(111) 2 È 1 surface. Thi s LT spectrum displ ays f eatures very sim i lar to pri or
RT spectra [23], except tha t the peaks are general ly narro wer and 2{ 3 ti mes m ore
intense in the LT case. Spectra l features can be located in Fi g. 6 wi th a preci -
sion of typi cal ly Ï 0 : 0 2 eV. The botto m of the empty surf ace state band app ears
as the intense peak at 0.19 eV (a ll energies relati ve to the Fermi level, 0 V). A
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Fig. 6. Low - temp erature tunneling spectrum (12 K ) of the Ge(111) 2 È 1 surf ace. Peak

p osition s are indicated by vertical lines. T he dashed line is an approximate background

used for determining the p eak position of the feature near {0. 3 V , w ith the di˜erence

spectrum show n above raw spectrum. The sample voltage corresp onds to the energy of

a state relative to the Fermi level (0 V ).

smal l shoulder is repro duci bl y seen on the high energy side of thi s peak, at about
0.41 eV. The upp er part of thi s band appears as two peaks (onl y one peak was seen
at room tem perature), at 0.96 and 1.23 eV. Hi gher energy peaks, associated wi th
bul k bands, are seen at 1.71 and 2.30 eV. The to p of the Ùlled state band is seen
as a relati vely weak shoulder (si mi lar to the room tem perature results), pro babl y
because of mixing wi th valence band states. Using an appro xi mate background
subtra cti on shown by the dashed line in Fi g. 6, we deduce an energy locati on of
{ 0.30 eV wi th uncerta inty of Ï 0 : 0 4 eV. Two peaks are seen associated wi th the
lower porti ons of the Ùlled state band, at { 0.65 and { 1.06 eV. The rem aining small
features in the spectrum are at the l imi t of the residual vi brati onal noise in our
STM, and cannot be rel iably identi Ùed.

A signiÙcant advantag e to LT surf ace state spectra such as tha t shown in
Fi g. 6, compared to the RT resul ts, is the increased spectra l resoluti on ari sing f rom
a reducti on in therm al broadening. Ano ther aspect of the reduced tem perature
is tha t the tra nsport m echanism s f or the carri ers in the semiconducto r m ay be
m odi Ùed. In m ost STS resul ts i t is assumed tha t the l im iti ng factor in the tra nsport
is the vacuum tunnel ing event i tsel f. Neverthel ess, several recent wo rks indi cate
tha t novel resul ts can be obta ined at reduced tem peratures [9, 10, 12], or even at
room temperature when the m agni tude of the tunnel current is vari ed [24]. Results
of thi s typ e are shown below for the Ge(111)c( 2 È 8 ) surfaces [13].

As m entio ned in Sect. 2, the c(2 È 8 ) surfaces were form ed by anneal ing the
as-cleaved Ge(111) surfaces. Large domains of well -ordered c(2 È 8 ) are form ed by
thi s pro cedure [25]. Spectra acqui red from the c(2 È 8 ) surfaces are shown in Fi g. 7,
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Fig. 7. Tunneling spectra obtained from the Ge(111)c( 2 È 8 ) surf ace at 61 K and various

current setpoints. Sp ectra are show n as (a) d I =dV at constant tip- sample separation on a

logarithmi c scale (one order- of -magnitude per divisi on ) and (b) normalized conductance

on a linear scale. T he spectra at di˜erent setpoints are shif ted vertically , for clarity . T he

rest- atom spectral peak is indicated by the ticmarks in (b).

acqui red in thi s case at a tem perature of 61 K. Spectra are shown for di ˜erent
tunnel current setpoints, corresp ondi ng to the current at a vol ta ge near one of
the endpoints of the spectra . The current setpoint thus determ ines the ti p-sampl e
separati on. The Ge(111)c( 2 È 8 ) surface is known to consist of an arra ngement of
Ge adato m s and rest-ato m s [26]. The large spectra l peak seen in Fi g. 7 centered at
about +0 .7 V is deri ved from the adato m s, and the smal ler peak at about { 1.2 V
is deri ved from the rest-ato ms. R emarkably , the rest- ato m peak is seen to shift
conti nuously as a functi on of the current setpoint. One possible m echani sm for thi s
shi ft is the ti p- induced band bending discussedabove f or the GaAs(1 10) surf ace; as
the tunnel current setpoint increasesthe ti p-sam pleseparati on decreasesand hence
ti p- induced band bendi ng wi l l increase. W e have perform ed deta i led com puta ti ons
of thi s e˜ect (f or zero tunnel current), using the ful l three- di mensional ti p-sampl e
geometry . W eÙnd however tha t the rate of changeof the ti p- induced band bending
e˜ect wi th ti p-sampl e separati on is a factor of 4{ 5 slower tha n tha t deduced f rom
the spectra of Fi g. 7 [13]. W e thus attri bute the observed shifts in the rest-ato m
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peak to an accum ul ati on of tunnel ing carri ers in the near-surface region of the
semiconducto r, in agreement wi th the pri or work of Duj ardi n et al . [12]. The
charge density of these nonequi l ibri um carri ers wi l l produce addi ti onal changes to
the electrostati c potenti al proÙle, in parti cul ar pro duci ng addi ti onal band bending,
whi ch is also found to be temperature dependent [12, 13].

4 . Su m m ar y

In summary we have presented several exampl es of low- tem perature STS
studi es, for GaAs(1 10), Ge(111)2 È 1 , and Ge(111)c( 2 È 8 ) surfaces. In all cases
the e˜ect of reduci ng the tem perature is to enabl e a great increase in spectra l res-
oluti on. For GaAs(1 10), a surface for whi ch no surface states exi st in the bandgap
region, thi s increased resoluti on perm i ts the observati on of discrete l ines associated
wi th accum ulati on layers states. Addi ti onal l ines are observed near dopant ato m s,
and i t is argued tha t the positi on of these l ines can be used to deduce the doping
concentra ti on of the m ateri a l. For Ge(111)2 È 1 , the spectrum is dominated by
surf ace states whi ch extend thro ughout the bandg ap region. The reduced tem per-
atures again lead to signiÙcant sharpening of the spectra l features, perm i tti ng a
better identi Ùcati on of thei r ori gins. For Ge(111)c( 2 È 8 ), the spectra l results are
found to depend on both tem perature and tunnel current m agni tude, indi cati ng
som e lim ita ti ons in the tra nsp ort of carri ers in the semiconducto r. The abi l i t y to
vary tem perature (and tunnel current) is thus found to be an im porta nt parameter
for probing thi s nanoscale tra nsport phenomenon in the semiconducto r.
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