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Kinetics of scanned probe oxidation: Space-charge limited growth

Emmanuel Dubois® and Jean-Luc Bubendorff
IEMN/ISEN, UMR CNRS 8520, Avenue Poingatée Scientifique, BP 69, 59652 Villeneuve d’Ascq,
Cedex, France

(Received 23 July 1999; accepted for publication 9 February 2000

This article proposes an enhanced oxidation model for scanning probe micros8Ep&)
nanolithography that reproduces the power-of-time law reported for tip-induced anodic oxidation. It
is shown that the space charge resulting from nonstoichiometric states strongly limits the oxidation
rate. The direct relationship between the oxide thickness and time is provided by integration of the
oxide rate equation. Measurements on SPM-induced oxides generated on a titanium surface are
compared to theory. The predominant role of the space charge is corroborated by electrical
measurements on oxide barriers that exhibit current fluctuations due to Coulombic effe@6000
American Institute of Physic§S0021-8979(00)04310-3]

——=u-ex
h

Scanning probe microscofg$PM) has recently demon- dt

strated a strong potential in the field of nanolithography. In

particular, SPM-induced nano-oxidation has been succes¥herehis the oxide thickness at timeh, is a characteristic
fully used for patterning tunnel junctiohsnd field-effect distance depending on the interfacial potential difference and

deviced on thin metallic or SOI films, respectively. The U IS @ velocity function of temperature. The integration by
strong activity developed around this lithography technique®@'ts of Ea.(1) is usually performed by neglecting higher
takes advantage of the simplicity to reach nanometer rang€'™m$ inh/h; to give
and to visualize the corresponding patterns with the same “h

-exr{ Tl> . (2)

2
equipment. Several contributions have reported on the u.t:(h_
mechanism and kinetics of SPM-based oxidatiin order hy
t is subsequently assumed in Refs. 3 and 7 that the film
thickness appearing in the pre-exponential term can be re-

to get a better control and more detailed insight of this pat-

terning method. However, none of them gives a complet

mental data available in the literature. This article propose _Ilaced by atllmltlng flll_r; thlcknessh,_”, %63;9”% Wh'(t:r? t?ﬁ K

an enhanced oxidation model for SPM nanolithography that'm c€ases 1o grow. This 1S generally defined as the thick-
—10-13 —1 i i i

anodic oxidatiorf. In Sec. II, existing models are first re- dhh/dt_lcl)l d cms - }Jsmg.t:]hls_ afssumptlon, Eq2) takes

called and their deficiencies are outlined. In Sec. Ill, a newe So-called inverse logarithmic form

. INTRODUCTION dh p(m)
, (1)

and satisfactory explanation for the wide range of experi
reproduces the power-of-time law reported for tip-inducedness at which one layer of atoms is added iff $Gso that

modeling approach accounting for space-charge limited 2

. . . 1 hi
growth is subsequently derived. It is shown that the space —— — .|n| —]| . (3)
charge resulting from nonstoichiometric states strongly lim- hy hyut

its the oxidation rate. For the first time, the direct relation-It is worth noting that insertion of th lution E€B) int
ship between the oxide thickness and time is provided b¥hesrat(; Eq(i) g?vesa sertion ot the solutio 0

integration of the oxide rate equation. In Sec. IV, measure-
ments on SPM-induced oxides generated on a titanium sur- dh h2
face are compared to theory. Finally, the predominant role of —— _Lt (4)
the space charge is corroborated by electrical measurements dt  ht

on o>f|de barriers that exhibit current fluctuations due to Cou—from which we obtain, by integration, the direct logarithmic
lombic effects.

form which obviously contravenes the inverse logarithmic
[Eqg. (3)] from which it is derived. The previous analysis
Il. EXISTING MODELS shows that a careful inspection of the assumption made to
A. Cabrera—Mott model integrate the rate equation reveals an inconsidteritrela-
i tionship. While the master rate equation remains valid, a
Recently, a modeling approach based on theéngre sophisticated mathematical treatment is necessary to

Cabrera—Moﬁt_analysis of very thin oxide films has been .qrecty describe the anodic oxide growth. Nevertheless, no
published® Oxide growth under high electric field is de- attempt to solve this problem is made in this work as

scribed by ion migration at a rate given by the Cabrera—Mott rate equation needs additional ingredients
to lead to a more comprehensive model as shown in the
¥Electronic mail: dubois@isen.fr following.
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B. Avouris—Hertel-Martel model growth rate as the oxidation proceeds. After an oxide layer
{as grown, fixed oxide charges are generated close to the

been performed in Ref. 5. The authors showed that the kiPulk/oxide interface. For instance, Beekal? attributes the
netics could not obey tr'1e 'Cabrera—Mott model because thiresence of these charges to the initial high rate of oxidation

theory predicts a rate constant proportional to (exp/h) Lalli/pr(.a(\j/er.]t? afcompletﬁ sat_uratlontof Er okert1 _bor;dts at At\he
while experiments clearly revealed that ulk/oxide interface resulting in nonstoichiometric states. As

outlined by Wolters and Zegers-van Duynhovéthe varia-
d—hmex;<—2 tion of this space charge in the oxide is governed by a
dt he

trapping—detrapping mechanism. For large charge densities
: - : : .g.,>10" cm™2?), Coulomb interactions bet t d

whereh, is a characteristic decay thickness depending on th%e g cm °), Coulomb interactions between trappe

anodization voltage. The form of E@5) is similar to the

harges and newly incorporated charges must be taken into
empirical relationship proposed by Massowd,al® to ex-

account to calculate the trapping rate. On this basis, the in-
; o . . . . tegration of the trapping rate equation yields
plain the oxidation rate in the thin regime at high tempera- 9 bping g y

Experimental determination of the oxide growth rate ha

: (5)

ture in G, ambience. Large stress buildup during oxidation is 1 sNyo [t 1 Q
invoked to explain the reduction of the oxidation kinetics. A N=—-In| 1+ . f J-dt’) =35 Inf 1+ Q_ . (7)
strain relief mechanism due to the electric field is assumed to q 0 0

describe the dependence lof on the anodization voltage. wheres is the surface occupied by a tral. is the areal

Although a detailed discussion was provided in this artide’density of traps antl, is the maximum areal density of trap
no detailed derivation of the reaction kinetics was estab- 0

lished lucid h irical ¢ M sites, o is the effective trap capture cross section apgl
Ished to eluci "?‘tEt € emplrlca}l aspect of Es). oreover, =g/sNyo. Q is the integrated areal density of charge ob-
a recent analysis by Dagata al.” showed that the variations

£ th ide densi th oulse d ; t th dizati tained from the incoming flux of oxyanions. It corresponds
of the oxi € | ensity V\.”t pulse uratlo'n of the anot Izationy, e charge brought by oxyanions that have crossed the
voltage was incompatible with cumulative stress buildup.

oxyde layer at time

- e t
C. Empirical power-of-time model Q:J J.dt’ . (8)
0

Systematic experiments on the oxide thickness depen-

dence on voltage and tip spedice., proportional of the in- Q can be simply calculated fror@,, the concentration of

i 6
verse of time)have been conducted by Let al” Over a oxygen in the oxideQ=zqC,,h whereh is the oxide thick-

wide range of anodization voltages, tip speeds, and S'hcorllness,q the electronic charge, armthe number of electronic

sgpstrates,.the guthors showed that the two-parameters ergﬁarge per ion. Considering that the trapped charges density
pirical relation given by Eq(6) gave a remarkable fit to the N is a consequence of the total oxyanion chaige., OH)

whole set of data, transported to the oxide/bulk interface, the space charge
4 comes from nonstoichiometric states and is of opposite sign
: (6) (e.g., positive for silicon or titaniuin Therefore, a positive
i areal charge density is assumed confined close to the bulk/
The threshold voltage)y, being known,aq and y are the  ,iqe interface at a distande,. This chargeN induces a
two relevant independent parameters. The oxidation time i§jsiortion of the electric field that significantly influences the
inversely proportional tov, the tip speed. In the case of & angnort of oxydizing agents in the oxide layer. The initial
silicon substratey was found equal to 1/4 regardiess of the gjacyric field between the bulk/oxide interface and the posi-

type and level of doping. Despite a wide range of applicabile charge density is decreased by the following amount:
ity of this simple empirical model over data available in the

Uo Y t
h=ag (U=Uy)| —| *ag- (U=-Uy) i
% 0

literature, no theorical foundation was given to support the gN h—h, q h—hg

physical meaning of Eq(6). Sbias Ebias™ " Ty Sbas g, Ty

IIl. MODEL OF SPACE-CHARGE LIMITED SPM- anl 14 2qGoxh ©)
INDUCED OXIDATION Qo !

A. Theory of oxide growth rate where ¢ is the oxide dielectric constant anfias= — (Uyp

It is now well accepted that the low activation found for — Uy )/h=Uy./h is the external field imposed by the tip
SPM-induced oxidation is representative of anodicand substrate voltages. The potential and electric field distri-
oxidation®“ Depending on the experimental conditions, bothbution are depicted in Fig. 1. It is assumed hereafter that the
plasma oxidatiohand electrochemical anodic oxidati@mre  flux of oxyanions through the oxide layer is totally controlled
known to produce a large amount of interface charges. Daby the region where the electric field is decreased by the
gataet al* also outlined the role of a rapid buildup of space presence of the space charge. The ionic transport equation
charge within the field-induced oxide during the initial stagethat describes oxide growth rate is giver' by
of growth while rejecting the stress model introduced by
Avouris et al® It will be shown that the presence of this ~ dh uo-exp< 3 W) : I_(Qaf

space charge is responsible for the drastic reduction of the dt

-SIn KT

: (10)
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Ulhy) = U (h- ho) , @+tho(h—ho) the following that 16 may be_ relatgd to the equnent of th_e
0 bulk™ T Vi gh power law between the oxide thickness and time. For in-
/ stance, it was experimentally observed that Sikickness
Potential U A varies with time afct¥? (Ref. 13)or ash«t* (Refs. 6 and
14). In the following section, other measurements performed
Upuik [N~ - on TiO, reveal hot'® Taking a~0.15 nm°® h,
‘ =5.81.U;,s appears as a linear function of the anodization
bias (h, expressed in nanometgrdrom the same set of
- parametershy, gives ~0.002 nm, a value extremely small
Zone of reduced \ . . .
Electric Field ___i that allows to further simplify Eq(12) sinceh/h,>1
dh w ha\[h)~?
| Usip . qp = Yo ex;( kT) exr{ h )(hb) . (13)
0 ho h
Electric Field § B. Extraction of the power-of-time law
‘\ The integration of Eq(13) remains a difficult task but
Epias %Vh_ThO M aN o can be performed assuming thétis an integer. This pre-
\_» bias Shias + ) requisite does not correspond to any physical quantification

process but simply reflects a mathematical constraint to ob-
tain a tractable relationship betwek@andt. It will be shown

0 ho h > that the above condition is not a severe constraing asu-

ally lies in the 2—6 range. The E(@L3) may be recast under

FIG. 1. Potential and electric field distortion induced by the presence of aits integrated form
areal charge densityN =q/s -In(1+zqG,h/Q,) located athy. The oxide/

bulk interface located at O arll represents the thickness of the growing \WY; h —hg\(h’ o
oxide. Up-exp — = ~t=J exp ——||-—| dh’". 14
0 4 kT) 0 h’ hb ( )

Successive integration by parts of the right-hand &ilds) of
g. (14) gives

whereug is a constant velocityW is the energy barrier that
an ion has to overcome to move to the next interstitial S|tes

located at a distance 2§.is the electric field including the hoF1[(—1)0+t ha
distortion induced by the space charge. Only the exponential f exp( h )( ) dh'= { Ei( )

—Ei| -
term with a positive argument is relevant when the transport (o+1)! h
of oxyanions from the ambient to the bulk/oxide interface is ° (5=
considered. Accounting for the previous remark, insertion of +2 (—1)" Y
Eq. (9) into Relation(10) yields i=0 ( )
dh w zqa Upes _ (h—hp) h|ot exd — h,
TR NS B S S ha h[

15
~In(1 qc”x)], (11) (o)

Qo whereEi(h,/h)=§e """/h’dh’ is a variant of the expo-
where § is a dimensionless parameter equatifa/kTse It nential integral function. It can be verified that this expres-
is worth noting that as the centroid of the space charge layesion rapidly decays fon<h,, a condition that is easily sat-
is located very close to the bulk/oxide interfach,~(hg)/h isfied for common anodization voltages. Recalling that
rapidly converges to unity. Thus, a simplified expression for~5.81U,,s, @ typical example fotJ <=6V givesh,~35
the rate of oxide growth can be derived usiryg, nm, while the corresponding oxide thickndsgeported in
=Qo/2qCy=1/sNyozCyy and hy,=zgal,,s/ kT the literature lies generally one decade befdw’ Therefore,
Eqg. (15) may be simplified to give

dn = hd Na dinl 1 12
a—uo.ex KT -ex h_ n +h (12) (6-i)!
r— i .

Typical values of the capture cross sectionare around f ex;{ h' )(hb) dh .2 (=" (6+1) h
1073 cm 2,12 one order of magnitude fd¥, is 10 cm 2 s
(Ref. 10)ands can be set to first order equal &0 From the (ﬂ) (E) ~exp{ _ E)
previous parameter values, a rough estimation fagives h h h)*
~ 2-6 for titanium or silicon C.~4 10?cm™3for SiO,, (16)

~451F%cm 2 for TiO,). This value is difficult to ascer-
tain from individual parameter extractions. However, theFinally, considering thath>h, (typ. h,=0.002 nm), the
above estimation appears reasonable as it will be shown isummation overs appearing in the rhs of Eq16) can be
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approximated by its first term that largely dominates the fol-force microscopgAFM) tip is kept at fixed location in the
lowing ones. Accounting for these considerations, the inteX-Y plane parallel to the titanium surface. In order to gen-

gration of Eq.(14) is well approximated by erate an oxide dot under the tip, a positive voltage pulse is
£\ (5t applied to the substrate during a time varying between 5 ms
h=hb(t—) , (17) and 50 s. The feedback loop is enabled and the setpoint is

0 chosen to obtain an amplitude of vibration of 8 nm at a

wheret, is a voltage-dependent time constant equal to frequency around 330 kHz in tapping mode. Using this ex-

ha zga Unpjae perimental setup, the position of the tip in tHedirection

hy- exp( - F) hy- exp( YT h ) perpendicular to the interface is permanently adjusted by the

to= = . feedback loop of the AFM. A tip coated with a 10 nm thick
(6+1)-ug ex;{ _ ﬂ) (6+1)-ug ex;{ _ ﬂ) layer of Pt is used to prevent its oxidation. For each voltage/

KT KT time couple, 25 different oxide dots are formed to get a valu-

(18)  aple statistical representation of the measured oxide heights.

In summary, the incorporation of a space charge submitted tBach step is controlled by a lithography program executed by
Coulomb repulsion leads to a power-of-time law for oxidethe control computer. During the imaging phase, the AFM is
grown by SPM anodization. The above derivation is consisused in the conventional scanning mode to generate the sur-
tent with experimental observations made on silftband  face topography line by line.
titanium (this work). A physical significance may also be |t is worth noting that the measured oxide height from
given to the time constarty. Snow and Campbéfl have  the AFM image does not correspond to the oxide thickness
measured a voltage-dependent threshold tiggenecessary  pecause the titanium layer is consumed by the oxidation pro-
to get a 0.3 nm oxide bump on SiOThey found thatry,  cess. Given the molar volume of Ti and TiC10.6 and 26.6
< €XP(—Upiag Uo). Considering thaliy, is the minimum de- .3 regpectively), the expansion factor is 2.5 which corre-
tectable oxide thlgkness, the correspondlr]g. threshold t'mgponds to a 1.5 nm measured oxide height for each nanom-
expre_zssed accorqllng t_o Eqd7) a”‘_’(lf?) exhibits the same eter of consumed Ti. As a consequence, the total oxide thick-
consistent behavior with the anodization voltage ness is obtained by multiplying the measured oxide height by

Nemin) 272 zga Uy a factor 1.667. The last correction holds only in the case of

Tth:to'( hy, ) . XF{ " kT h ) (19) stoichiometric TiQ, a situation that is theorically not ex-

ggcted to hold in the case of anodic oxides. However, previ-

The proposed model s .based_ on the presence of a SPagts experiments conducted on a silicon surface have shown
charge due to nonstoichiometric states located close to tl}

o . S %at this condition is fulfilled within a few percefft.
bulk/oxide interface. The main assumption in the model deri- Fi 2 <h ) ¢ AFM i di
vation is the occurence of mutual Coulomb repulsions be- lgure < Shows a series o Images corresponding

tween traps and the control of the ionic transport by the© oxide dqts fabricated. at a vqltage of 10 V for different
region of lowest electric field. As outlined in Ref. 11, thesePulse durations. These images illustrate the excellent repro-
assumptions are commonly used to treat transport phenorfluciPility obtained under these operating conditions. Figure
ena in dielectrics. The presence of a large trap density during "ePresents the variations of the oxide thickness as a func-
the formation of the very first oxide monolayers is question-tion of time for the three different voltage amplitudes. This
able and depends on the presence of a native oxide. Howlot shows that data are well fitted by a power-of-time law of
ever, the onset of tip-induced anodization is characterized bthe formhect™’®. This functional behavior is even better il-
the fastest growth rate that results in a large amount of deustrated wherh is plotted versust(to)/(°*%) in Fig. 4. A
fects. As soon as an oxide protusion becomes detectatile straight line, obtained for the complete set of data, validates
nm), the oxidation process may be considered in a regiméhe applicability of the theory describing oxidation as a pro-

where the present model fully applies. cess strongly influenced by the buildup of a nonstoichiomet-
ric space charge. Finally, Fig. 5 gives the same set of
IV. EXPERIMENTS AND MODEL VALIDATION data with a log—log scale. From this representation, the

The experiments were conducted with a Digital Instru-threerOId time for a 1 nm oxide bump may be determined,

ment Nanoscope IlII microscope in tapping mode on a fresi?.'os’ 1.5, and 40 ms for voltageg of 6, 8, and 10 V, respec-
25 nm thick titanium layer deposited on a SISi substrate tively. Several authors have_ pomtgd Qut the presence of a
by e-gun evaporation. The relative humidity level was keptthres_hold voltage_ under which oxu;iatmn of silicon is not
in 50%-70% range, a condition that assures the presence BPSSible or drastically reduced. This threshold \igltage de-
sufficient oxidizing agentge.g., O', OH") contained in the Pends on the typen(or p) and level of dOP'”é-’_ One
absorbed layer of water. No perceptible change in oxidd?0ssible explanation of this effect lies in the relative magni-
growth was observed under this humidity condition consisiude of the density and capture cross sections of trapping
tently with previous report£° sites when the doping type and the concentration Vat§.
The experimental procedure can be divided into two dis-Consistently with these observations, variations on the trap-
tinct phases corresponding to the oxidation process by itseffing efficiency contribute to the modulation lof, which in
and to the subsequent imaging step needed to observe then, determine the magnitude of the time threshold in Eq.
oxidized patterns: During the oxidation phase, the atomig19).
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t=10 s t=10s

FIG. 2. AFM view of arrays of 25 oxide dots obtained after anodization induced by the tip of an AFM in tapping mode. The amplitude of the voltage pulse
is 10 V and its duration varies from 10 ms to 10 s. Oscillation amplitude of the cantilever is 8 nm at a frequency around 330 kHz.

V. ELECTRICAL CHARACTERIZATION OF SPM be taken into account to properly evaluate the traps density
ANODIC OXIDE [Eq. (7)]. In the present section, it is shown that the electron
transport through Ti@barriers is severely affected by trap-

SPM-induced anodization, the incorporation of space charg mgl ang _d(tatrap{:_)mg (;\]/ etntT g(()jveirneq by ttr? N ks_an:_e k'r]ld of
is related to the presence of nonstoichiometric traps due in- oulomb Interactions thal aiso determines the Kinetics ot ox-

complete bonds saturation during the very fast intial stage olfje growth. In order to illustrate this point, SPM-induced

oxidation. It has been shown that Coulomb interactions mus?

As outlined in Sec. lll that reports on the modeling of

xide barriers have been fabricated on a thin Ti flm?as

20 . . . ) 20
B1 . v
El g6 x 8V 1
g 15 2 14
vl 10V @ s 10V
& 8V s 12
g
2 6V < 10 1 |
210 =
= 5 8 X
3 T 6 e
=) °
g o 4 ﬂl
5 * ,
o- = 2 ‘l‘
= 0
0 . . 0 002 004 006 008 01 012 0.14
10° 10% 103 102 10! 1 10! 102 10® 10% /1)
time (s)

FIG. 4. Oxide thickness as a function dfftp)/>. Data corresponding to
FIG. 3. Oxide thickness as a function of time for three different anodizationthree different anodization voltagé, 8, and 10 V)are perfectly aligned.
voltages(6, 8, and 10 V). The surface is a 25 nm thick layer of titanium This representation validates the power-of-time law deduced from the kinet-
deposited on a Si/Sisubstrate. ics of oxide growth.



J. Appl. Phys., Vol. 87, No. 11, 1 June 2000 E. Dubois and Jean-Luc Bubendorff 8153

40
_ 30 =-0.
g 10V Qv Vps=-0.4V
2 10 6V 20 drain
Q
= —
& g 0
= L . . . 4
2 2
8 & -1ohymiadarad M i A
< -20 source
1
: > -30
10° 10* 10° 102 10! 1 10" 102 10°
time (s) -40
0 20 40 60 80 100 120 140
FIG. 5. Oxide thickness as a function of time for three different anodization time (s)

voltages(6, 8, and 10 V). Threshold time for a 1 nm oxide bump is indi-
cated: 0.08, 1.5, and 40 ms for voltages of 6, 8, and 10 V, respectivelyFIG. 7. Current vs time characteristic at a fixed source/drain voltgge

Accounting for the amount of Ti consumed by the oxidation procg@dsnm = —0.4 V. Fluctuations are related to a trapping/detrapping mechanism via
oxide height corresponds to a 1.667 nm oxide thickness. individual nonstoichiometric traps.

shown in Flg 6. The electrical characterization of these in'detrapping process associated to individual defects near the
sulating barriers has been performed by measuring the cosjo,/S; interface?® The so-called Coulomb blockade in-
responding current variations with time and for typical ap-yolves a change in free energy by the transfer of an elemen-
plied voltages ranging fromr1 to 1 V. Special care has been tary charge between capacitor electrotafscapacitanceC).
devoted to the measurement setup to obtain a reduced noiag room temperature, this is for extremely small capacitors
level in low currents Conditionéguarding tEChniqueS). Typl' that the Charging energE: e2/2C becomes Sufﬁcienﬂy
cal current versus time variations are reported in Fig. 7jarge to block another electron from transferring. As outlined
Large current fluctuations are observed, similar to those obpy Schulz?® a trap center may be viewed as an extremely
served in random telegraph signéRTS)on small geometry  small capacitance that makes possible the existence of large
metal—oxide—simiconductor ~ field  effect  transistors Coulomb barriers. The influence of such Coulomb interac-
(MOSFETs)*"**The RTS, characterized by discrete changetions explains single-electron trapping by individual traps
of drain current in MOSFETSs, is governed by a trapping/that can result in RTS. It is now well accepted that both slow
and fast traps can be involved in RTS. The time scale over
which slow oxide traps are active is in the 1-100 s ratfge,
while fast interface traps are characterized by average cap-
ture and emission times in the 0.01-1 s rafftf@.Figure 7
shows that the observed current fluctuations take place over a
20,0 i 1-3 s time scale. A faster rate of current change is also
possible but has not been resolved by a relatively long inte-

gration time related to the measurement equipment.
10.0 nM

VI. CONCLUSION

070 Al In summary, we have proposed an enhanced model of
oxidation under high electric field that includes the influence
of a space charge due to nonstoichiometric traps at the oxide/
bulk interface. Results for oxidation of titanium give an ex-
cellent fit to the power-of-time law. The model also corrobo-
rates similar results on silicon and explains the variations of
the exponen® with space-charge densith €t/ (°*1). The
I e e voltage-dependent threshold time has also been deduced,
7 . consistently with other experiments carried out on silicon. It
Si0z SUbStr_ate ) has been shown that the glectron transport through Hed-
patterned Ti layer (10 nm thick) . . . :
| 5] evaporated on top of Si0, riers is severely affected by trapping and detrapping events
governed by the same kind of Coulomb interactions that also
determines the kinetics of oxide growth. From the present
study, we conclude that the presence of traps and Coulombic
FIG. 6. (a) AFM image showing the direct formation of oxide barriers on a jnteractions severely limits the applicability of direct SPM-

thin Ti film (10 nm)and (b) schematic view identifying the different mate-  ,;4ation for the fabrication of single-electron devices as the
rials: First a thin Ti layer was deposited and patterned using electron beam

lithography. AFM-based lithography was subsequently applied to form TiO characteristicglocation, energy level, typeof these traps
barriers. Figure 7 reports on the current flowing through these barriers.  can hardly be controlled.
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