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Nanometer-scale test of the Tung model of Schottky-barrier height inhomogeneity
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Tung has showrjPhys. Rev. B45, 13509 (1992] that a range of “nonideal” behaviors observed in
metal/semiconductaiMS) Schottky diodes could be quantitatively explained by assuming that specific micro-
scopic distributions of nanometer-sized “patches” of reduced barrier height exist at the MS interface. Here we
report asimultaneousnicroscopic and macroscopic test of this model as applied to midti€ Schottky
diodes, by(1) measuring the nm-scale barrier-height distributi@iD) of particular Schottky diodes using
ultrahigh vacuum(UHV) ballistic electron emission microscogBEEM), (2) extending the Tung model to
calculate the expected nm-scale BHD for particular parameter values(3amgliantitatively relating the
measured nm-scale BHD of a particular Schottky diode to its macros¢egicharacteristic. Our studies
indicate thai1) for relatively ideal diodes, both the microscopic and macroscopic behaviors are explained well
by the Tung model with a large coverage5%) of shallow patches(2) the measured BHDs are nearly
identical for relatively ideal and highly nonideal diodes, dBda simple Tung model can account for highly
nonideal behavior only by assuming an unphysical patch distribution in which the excess current is dominated
by a few patches in the extreme tail of the patch distribution. Our measurements instead suggest that all the
diodes contain a broad “intrinsic” distribution of shallow patches, while the large excess current in highly
nonideal diodes is due to a few large defectexifinsicorigin. This last conclusion is consistent with a recent
study by Skromme and co-workerd. Electron. Mater29, 376 (2000 ].
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[. INTRODUCTION suming certain distributions of microscopic barrier heights
for the different diode&; % and have pointed out that this

Electrical transport across metal/semiconducttMS)  would also explain the strong correlation that is often ob-
contacts is of great technological importance and has beeserved between the “effective” barrier height and the ideality
the subject of long-standing scientific controveréyRecent  factor measured on sets of diod@sThere is experimental
interest in wide-bandgap materials such as SiC and GaN irevidencé*~!’ that nm-sized lateral variations in SBH may
creases the demand for better understanding and control ekist, at least in certain MS systems. Olbriehal*® has
the metal contacts, for making both good Ohmic contactsecently shown that potential pinch-off effect can be ob-
(for large current injection applicationsand rectifying served near intentionally introduced low-barrier height areas
Schottky contactgfor field effect and other devicgd*How-  in Au/Co/GaAsP diodes, and that these low-barrier areas cor-
ever, fabricated Schottky contacts on these wide-bandgalate well with the effective barrier height of the entire di-
materials often exhibit significant device-to-device variationsode.
and/or “nonideal” behavior in measured current-voltage To date, however, there has been no attempditectly
(1-V) characteristics. It is clearly important to understand therelate naturally occurring nm-scale variations in the SBH of
physical origin of such nonideal behavior so that it can bea particular diode to the nonideal “macroscopic” behavior of
controlled in future device applications. Freeffal® in  thel-V characteristic of that diode. It should be possible to
1981, as well as Ohdomaet al® and Bastyset al.” in the  do this, since nm-scale patches can be measured and quanti-
late 1980’s, demonstrated that if small interfacial “patches”fied by the nm-resolution technique of ballistic electron
with reducedlocal Schottky-barrier heightSBH) exist and  emission microscopyBEEM).*8 This would help determine
are of size comparable to or less than the semiconductawhether the Tung mode{or some other mechanignis
Debye length, then a so-called “potential pinch-off” would mostly responsible for observed nonidealities in particular
occur within the patches. This would result in a voltage-kinds of fabricated Schottky diode structures. Such a com-
dependent variation in the local barrier height and could exparison of nm-scale and macroscopic behavior is important
plain in a natural way a variety of observed nonideal behavto do, particularly since a recent study by Skrometel®
ior, including observations of a diode “ideality factor” that of Schottky diodes on K-SiC suggests that the nonideal
was larger than the expected ideal factomes1. In 1991, behavior in that system may in fact be due mostly to a few
Tung further developed the ideas and shofidt this non-  large (um-scal@ pathological defects, rather than to a more
ideal behavior could be quantitatively explained by assuminghomogeneous” distribution of nm-scale patches. Under-
specific distribution of nanometer-scale interfacial patches ostanding the true physical origin of the nonideal behavior is
reduced SBH. Since then several authors have been able égsential for future efforts to reduce and eliminate it.
account for much of the observed nonideal behavior by as- Here we report direct nm-scale measurements and model-
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ing designed togquantitativelytest the limits of the Tung AN N LA SV B B N
model for explaining nonideal diode behavior in Rd/5iC 10° F ;&/ 1.5 1
contacts. We do this byl) using BEEM to sample the nm- PN O o g

scale barrier-height distributiof®HDs) over the surface of 102k [ 0\0/ 1! Oi'?

particular Schottky diodes?) using the Tung model to cal- T L

culateboth the expected macroscopic diotle/ curves and = o 12 0a 18

the expected nm-scale BHDs that should result from specific 2 1= "

“patch parameter” distributions, and3) comparing the E’ ;

measured BHDs to the calculated BHDs to determine which = 10°F  Growp B—7

patch parameter distributions could possibly be present in % cbad”

actual, nonideal Schottky diodes. Our results are a bit sur- © otk diode

prising. For a nearly ideal diode<1.1 over a wide voltage

range, both the nm-scale BEEM measurements and the di- Y I | R

ode I-V curve are consistent with a broad distribution of 04 02 00 02 04 06 08 10

shallow patches that cover a large fraction5%) of the Forward Bias 7/, (V)

sample surface. However, for a diode with significant non-

idealities, our measurements rule out the possibility that the FIG. 1. Measured diode-V curves of a set of PdH-SiC con-
extreme nonidealities are caused by a broad distribution dfcts, which appear to be divided into group (felatively ideal
patches that cover a significant fractitn1%) of the diode  behavioy and group B(highly nonideal. Thick curves marked by
area. The nm-scale measurements cannot directly rule out tiarows indicate a particular “good” and a “bad” diode chosen for
possibility that the nonidealites are caused by deepefetailed analysigsee text The good diode shows macroscopic
patches that cover a much smaller fraction of the diode are®BH ¢ =1.21V and ideality facton=1.06, whereas the bad
since these patches would likely beissedoy BEEM mea- ~ diode haspg®®=0.97 V andn=1.49. Inset: measuredz*“"*ver-
surements that can only sample a small fraction of the diod&!s"n for the different diodes. Arrows mark the two chosen diodes.
area. However, a more detailed analysis of the Tung model | ) . ) ) )

in the small-coverage limit indicates that most of the non-ONmic to highly rectifying. Figure 1 plots forward-bias diode
ideal behavior would be due @n extremely small number I—V'curves of sever_al'of _the re'ctlfylng diodes. Substgntlal
(on average<1 in an entire deviceof very “deep” patches device-to-device variation is _obV|ou_s, even though f[he diodes
in the extreme tail of a Gaussian patch-parameter distribuVeré Prepared under nominally identical condlgc(?nsz.l For
tion. We believe that a more likely explanation is that the€ach rectifying diode, the “macroscopic” SBHAE™™),
nonideal behavior in this case is due to a few large defects dfieality factor(n), and series resistanc®j) were extracted

extrinsic origin, as suggested in recent studies by Skromm®y fittingzgge thermionic emission equatioiifor V,
etall® >3kgT/q)”

| =AA* T2 exp(— qopgTkgT)

The SiC wafer consisted of a Si-terminatedHiC *{exda(Va=Ra)/nksT]—1} @
(0001 epilayer grown on a B-SiC substrate, and was to a portion of the measurédV curves that appears approxi-
chemically cleaned by solvent ultrasonic bath followed bymately linear on a semilog pléthe abscissa being,). Here,
repeated ultraviolet ozone oxidation/HF etching cycles. DeV, is the applied external bia#\ is device area £1.96
tails of the cleaning procedure are discussed elsewflere.x10 3cn?), A* is the 6H-SiC Richardson constant
Both the epilayer and substrate argloped with concentra- (=156 Acm 2K ?), q is the electronic chargekg is the
tions of Np=3x10%cm 3 and 1x 108cm™3, respectively. Boltzmann constant, arflis the sample temperatufe=294
The sample was then introduced into ultrahigh vacuunK). Note that the actual voltage drapacross the depletion
(UHV), and a number of 0.5-mm-diameter Schottky diodesregion isV=V,—Rl. The inset of Fig. 1 plotgg*“°versus
were made by depositing a 6-nm-thick Pd film through an, showing a pronounced correlation between the two param-
shadow mask using electron-beam evaporation. The suleters. This correlation is similar to that reported by other
strate was then passed into an adjacent UHV analysis charauthorst?'®?3who also proposed that a “homogeneous” or
ber, where a 0.1 mm diameter Au wire contacted and meaerg bhias” barrier height¢g°m, could be deduced by ex-
sured the diodes one at a time. The SiC substrate served ggpolating the plot back tm=n;;~1.01%* In our case, a

the common back contact for all the diodes. All “macro- |east-squares fit of the datthe dashed line in the inset of
scopic” diode |-V measurements as well as the nm-scalerig, 1 gives pioM=1.24+0.09 V.

II. EXPERIMENTAL PROCEDURE

BEEM measurements were doimesitu at room temperature. From Fig. 1, we see that the different diodes can be
roughly divided into two groups, those with roughly ideal
Ill. RESULTS AND DISCUSSION behavior down to low forward biagroup A) and those with

significant nonidealities below-0.6 V forward bias(group

B). In order to compare the macroscopic and nm-scale be-
The macroscopic diodeV measurements of the various havior in more detail, two devices were chosen as examples

diodes exhibit a variety of behaviors, ranging from nearlyfor nm-scale analysis, which we refer to as a “good” and a

A. Measurements
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FIG. 2. Measured nm-scale barrier height distributions of the point )L-—--B ' V,<0
good diode(gray solid bars and the bad diodéempty bars as 1S 1 7
determined by fitting 800 BEEM spectra using the Bell-Kaiser o S
theory (see text The estimated fitting error due to system noise is d
onois=0.02 V. The two distributions are identical within statistical @ | \ | © Pputcil 95 71
uncertainties. \ i
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“bad” diode, respectively. Thé-V curves of these two di- i i
odes are plotted with thicker lines and marked by the appro- 0°-D(7) X :
priate arrows in Fig. 1. The good diode shows very ideal L p ¢;min PR 95
. - . H macro 0 R C B
diode behavior over a wide voltage rangeith ¢g P

=1.21V andn=1.06, whereas the bad diode shows se-
verely nonideal behavidigg®"=0.97 V andn=1.49 over a
fitting range from 0.12 to 0.38 V The nm-scale BHD for
both dlod_es was m_easur_ed using BEEM technique based size comparable to or smaller than the semiconductor Debye length
on scanning tunneling microscopy that can measaneong  gives rise to a potential saddle-pobeneath the patch centex
other things the local b"_"melr7 956'297ht at Schottky interfaces (¢) potential profile along the interface norntalongO-9 for zero
with a nm-scale r‘_aso'u“‘?w-' “>~*'Both diodes had suffi- gpplied biasv,, and for a reverse biad/(<0). Reverse bias re-
ciently high zero bias resistan€e 55 and 8 G) for the good  quces the potential maximufie., anincreased depthnearS. (d)
and bad diodes, respectivglgo that BEEM measurement Lateral profile of the potential maximum projected normally onto
could be made with a high signal-to-noise ratio. Diodes withthe MS interface. The dashed line is the exact potential, the dash-
much smaller zero bias resistance have larger backgrounbt line is Tung’s parabolic approximation, and the solid line is the
noise in the measured BEEM current, due to larger thermatuncated paraboloid used to calculate the microscopic B{D.
noise and increased susceptibility to external voltage fluctuacalculated probability density for a single low-barrier patch of
tions. strengthy, with ¢§""=¢3—D(y) and ¢g>= ;.

On each of the good and bad diodes, 800 BEEM spectra
were taken at different locations over the sample surfaceparable magnitude as the measured spread in the BHD, we
each separated by at least 30 nm. Each BEEM spectrum wa$nclude that thactual variations in barrier height are to be

fitlolCinng the Bell-Kaiser mod# to extract the local SBH reduced from the measured distributions approximately as

B - F|gure 2 ShO.WS the measyred d|Str|bUt|9n@S§]f:al of O actual™ ‘lo-zmeas_ a-nzoiseg 21 or 26 mV, for the good and bad
the two diodes(Notice that the histograms are interpreted asgiode, respectively. This represents tlaegest spread that
the BHDs) The good diode had a measured mean SBHhe actual BHD could reasonably have without contradicting
(b5 good=1.271V and standard deviatian,e,s=29MV,  the measured BHDs shown in Fig. 2. For the subsequent
while for the bad diode( g™ ,.—1.268V and opneas  analysis, we takerimi;=30 mV as a conservativgpper limit
=33mV. The experimental uncertainty in the extractedfor the spread in the actual BHD.

local from each BEEM spectrum is estimafédo be o poise
=20mV, which is due mostly to-35 fA of noise in the
measured BEEM current. Here we note two thin@s: The
measured BHDs of the good and bad diodes are essentially The Tung modélenvisioned an areal densifyc, of cir-
identical, within statistical fluctuations. This gives immediatecular “patches” having varying interfacial barrier height
and strong evidence that nonidealities in the bad diode arembedded in uniform background of barrier heigt [see
probably due to a small pathological fraction of the sampleFig. 3@]. An individual patch was assumed to have a radius
area that was not sampled by BEEM. We will return to thisR, and a potential depth relative to the background barrier
point later.(2) Since the experimental uncertainty is of com- height. Tung pointed out that a patch codld certain limit9

FIG. 3. (a) Schematic of the Tung model. A random distribution
of circular patches of siz&k, and barrier heightgbg—A in the
otherwise homogeneous background of SB%L (b) A patch of

B. The Tung model and calculated diodd -V curve

075310-3



H.-J. IM, Y. DING, J. P. PELZ, AND W. J. CHOYKE PHYSICAL REVIEW B4 075310

be treated approximately as an electrostdipole momentp ~ where8=q/kgT. The second-order expansion of the poten-
of strengthp=2e,A mR2, wheree, is the permittivity of the tial is quite accurate close to the potential minimum, but
semiconductor. Instead of directly dealing with individual becomes inaccurate and greatly exceeds the background po-
distributions of A and Ry, Tung defined a “patch param- tential ¢3 far away from the potential minimum. This does
eter” y=3(R3A/4)Y3=(27/8mes) ¥ and analyzed mod- not significantly affect the calculated thermionic current
els in whichy was assumed to have a particular distribution,(which falls off exponentially at higher potentiabut would

such as a delta-function distribution or a Gaussian distribuintroduce unphysically large barrier heights in the calculated
tion with a widtho,.% Most subsequent analysis has focusedBHD. For the calculated BHDsee next sectionwe there-

on an assumed Gaussian distributionyofiiven by a prob- foretruncatethe second order expansion of the potential at a

ability density functionP[ y]=e~7/273/ 2w o2, 2 sinceitis  radiusRyaci( 7) = () (2W/ V) 23yD (), where it is equal
expected that a range of nonideal patches could be presentto d)%. This is shown by the solid curve in Fig(d8). Here
a real physical systetht'21% Tung assumed that both W= (2e.Vp,/qNp)*? is the semiconductor depletion width.
higher-barrier and lower-barrier patches could be present ilNote thatR,,{ v) is not directly related t&, defined pre-
the real system, but neglected the high-barrier patches in higously. We also define an effective aféaf an individual
calculation of excesgthermionig diode current, since this patch asApaq y)EaT[Rpmh(y)]2 and the fractional cover-
excess current would fall off exponentially with barrier age of all the patches &,=3,A,acd v)/A, Where the sum-
height and the patches were assumed to cover a relativelyation is over the assumed patch distribution. For the case of
small fraction of the entire diode area. However, our BEEMa Gaussian patch distribution of width,, this reduces to
measurements probe the local barrier height directly, an¢p:7701027(16\N4/ 7)Y39V,,. Note thatD(7y), Rpate 7).
hence would be just as sensitive to high-barrier patches Rpate{ ¥), andC,, all depend implicitly on the applied bias
low barrier ones. So for the calculated BHBee next sec- V, through the band-bending terM,,. Tung then calcu-
tions), we include both low-barrier patchesith y>0) and  Jated the net diode current by integrating E8) over the
high-barrier patcheéwith y<0). assumed distribution of patches, and adding the current from
Tung pointed out that the local barrier height variationthe uniform background. This total current can be expressed
around a lower-barrier dipole patch is characterized by ay
“potential pinch-off” condition, with a corresponding

saddle-poinbarrier height variatiofipoint Sin Fig. 3(b)]. In _ o

the direction normal to the interfagdéne O-Sin Fig. 3b)], tota= C2A 0 PLY]1 patel ¥)d ¥+ I background (4a)
this potential profile has maximumat this saddle poiritsee

Fig. 3(¢)], _Iocated at some depth in the sem_icondugtpr di-  _—AA*T2 exp(— B[ exp BV,) — 1]

rectly behind the patch. However, the potential hawiai-

mumat the saddle point along a line parallel to the interface ><{1—Cp+(277c1cr§771’3/9V%’,)3)

[line S-Bin Fig. 3(b)]. This is illustrated in Fig. @&). The
dashed line in the figure represents the lateral profile of the 2 _2\/235, 2/3 1/3 13

potential maximum projected normally onto the MS inter- X exp(Bo Vop/25 [ 1+ erf( By Vipl V27 )]}&4b)
face. The maximum depth(y) of this potential(relative to

the background$) is given by D(y)=y(Vpp/7)*%, where ~ where erf stands for the error function. Equatidi) is es-
Vb= #3— (Ec— Er)neurar V is the band bending of the MS sentially i(_je_ntical to that derived _by Tung, except that we
junction, Ec— Eg) neuraiS the depth of Fermi level relative have explicitly reduced the contribution dfackgrounaby @

to the conduction band minimum deep in the semiconductofactor of (1-Cy) to account for the fraction of the diode
bulk 2 and »=es/qNp . To simplify the calculations, Tung area covered by the patches.

approximated this potential cross section by a parabd®id

cylindrically symmetric second-order expansioachemati- C. nm-scale BHD calculated from the Tung model

cally shown by the dash-dotted line in FigdB and given

- . We next use the Tung model to calculate the expected
explicitly by the expression

BHD for a particular patch-parameter distribution, so that it
can be compared with the measured BHDs shown in Fig. 2.

9 (Vpp|*? We first consider the expected BHD for a diode with zero
= 40— Z| kb 2
V(P Zsagad = 5= D7)+ y zw) P @ applied bias Y,=0), since the data in Fig. 2 was measured
at V,=0. We proceed by first considering the BHD of an
where the saddle poirSis denoted by §,2) = (0,Zsaqaid - individual patch of strength, then averaging over a Gauss-

Tung then calculated the excess diode current from #an patch-parameter distribution, and then including the uni-
patch by integrating the thermionic emission current equaform background distribution. It is straightforward to calcu-
tion over this parabolic potential profile. Tung’s calculatedlate the BHD for an individual patch, since the potential

current for a single patchis around a patch is assumed to be a truncated paraboloid as
shown in Fig. &d). The BHD P p,f ¢g; ] for an individual
| —A*T2(4 21319 8\/2/3) expf — °_p paraboloid turns out to beuniformdistribution, as shown in
patct.7) (4myn™19BVip)exp— Al $5~D(¥) ]} Fig. 3(e). This uniform distribution is bounded frorpg™"
X[exp BV)—1], 3 = ¢9—D(y), corresponding to locations directly over the cen-
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15 —— x 10" 4Vv¥8cm?3. This model distribution consists of a

Measured BHD sharp, delta-function central peéfiue to the uniform back-
/ ground areas of the diogdsuperimposed on a broad “wing”
(due to the patchesof width o, and integrated probability
C,=0.107. Once we have the model BHD as given by Eqg.
(6), it is easy to calculate the overall standard deviation of
this model distribution

O model™ \/C_po'p: \/C_p(vbb/n)1/30'y- (7)

The Tung model is essentially defined by three param-
eters: the background barrier heigb@, the number density
of patchesc,, and the widtho, of the Gaussian patch-
parameter distribution. These three parameters determine

FIG. 4. Solid lines: calculated BHIP yoqel ¢5] from the Tung ~ both the expected macroscopic didd¥ characteristi¢ Eq.
model, consisting of a Diraé function (arrow) from the uniform  (4)] and the expected nm-scale BHEq. (6)]. In principle, it
background and a Gaussian distribution for the patches, using p&eems we should be able to extract all three parameters di-
rameter values from the solid curve in Fig(€ee text Gray bars:  rectly from the measured BHD. The mean value of the mea-
measured BHD of the good diode from Fig. 2. sured BHD would give usbg, and the width and total area

of the wing part of the distribution would give us, andC,,

ter of the patch, ta®*= ¢3 at the edge of the patch, and has which in turn could be used to extract the intrinsic model
an amplitudg D(y)] ! to ensure thaP ol ¢ y] is prop-  parameterg; ando,, . However, a comparison of the model
erly normalized. Patches with barrier heights higher th§n BHD and the measured BHBee Fig. 4 shows that this is
are assumed to contribute Byycl ¢g;y] in @ symmetric not directly possible. The problem is that the measured BHD
way with ¢gﬂﬂ:¢g and ¢7®= ¢o—D(), where bothy and d_oe_s not have a _distin(:t«_asolvable sfhar_p_central pea_k and a
D(7) are taken to be negative for high-barrier patches. wdlistinct wing region. This makes it difficult to decide how
note that this actually underestimates the contribution fronfnuch of the measured BHD is due to the patcfies wing,
high-barrier patches, since potential pinch-off occurs onlyahd how much is part of the uniform backgroufide sharp
for low-barrier patche. A more accurate calculation can P&aK. There are several reasons for this. First, the measure-
only be made if one knows theeparatedistributions for the ~ Ment uncertainty ¢noise=20 mV) is comparable to the mea-
radiusR, and a potential depth of the high-barrier patches, Sured width of the BHD ¢meas=30 mV), and hence would
but which are only includegbintly as the patch strengthin ~ Significantly broaden any sharp central peak. Second, the
the Tung model. However, since thimderestimateshe ~ Tung model itself is at best an approximate description of the
spread in the BHD, we can still use these calculations tdrue interface. In particular, the “uniform background” of a
determine what range of parameter values would produce #al MS system iprobably not perfectly uniformand likely
nm-scale BHD thaexceedshe measured BHD. This is dis- has some variation in barrier height that would broaden the
cussed in more detail later in this section. central peak. Third, the experimental statistics at the edges of

We next calculate the BHIP[ ¢g] for all the patches, the measured BHD are not very high, making it difficult to
but not yet including the uniform background regions. Thiscléarly identify and quantify a “wing” distribution due to

(1-C)) (85~ 6)

—
(=]
T

C,P,l5]

W

Probability Density P[¢,]

0
09 10 11 12 13 14 15 1.6

Local SBH ¢,o<e! (V)

is given by patches. Nevertheless, it is important to realize that the mea-
sured BHD can still be used to test the parameter values

2 Apatc V) Ppatcl 81 7] assumed for the Tung model as applied to a particular

Pol ¢sl= 2 Avaer 7) ' ) Schottky diode. In particular, we can rule out parameter val-

ues that would result inrygger olimit=30 MV, since the
The patch are@\pa y) is included because the probability measured BHD(Fig. 2) is not consistent with a model dis-
that the probe tip lands over a particular patch is proportionajripution wider thano i .
to the patCh area. Since the d|str|but|0n’}4"'s assumed to be In order to Compare the measured and model behaviorsy
Gaussian, it turns out thalP [ ¢g] is itself a Gaussian e accordingly adopt the following procedurd) The pa-
functior™ of ¢g, centered at¢g with a width o, rameters? is determined directly from theveanof the mea-

=Vou/m) Py _ sured BHD from a particular diodep9= (45, (2) We
Finally, we can write an expression for the model BHD of assume a particular value of the patch density which is
the entire diode: treated as a free paramet¢8) The parametew, is then

_ _ 0 determined so the calculated macroscopic dibdécharac-
Pmodel #8]=CoPpl #a]+(1=Cp) (= dg).  (6) teristic [Eq. (4)] will be consistent with the measurddV
The first term is due to all the patch@shich cover a fraction characteristic for that diod€4) This set of parameters im-
C, of the total diode argawhile the s function in the second plies a particular value of qe for the nm-scale BHD. This
term describes the uniform background. Figure 4 showss compared with the measured upper limijt,; =30 mV. If

an example of whaP ,qe[ ¢g] should look like, assuming o moder Tiimic » then we reject this particular set of param-
¢>g:1.271 V, ¢;=6.0x10°cm? and 0,=1.03 eters, since it would result in a broader distribution of nm-
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x10°cm 2, ando,=1.06x 10 4 V3cm?, while the solid
line in Fig. 5 was calculated usin@g=1.27lv, c,=6.0
x10°cm 2, ando,=1.03x 10" *V*3cn?? These two pa-
rameter sets imply fractional patch covera@g=5.7 and
10.7 %, respectively. As discussed above, it is important to
check that a particular set of parameters is consistent with the
measured nm-scale BHD. It turns out that these two param-
eter sets implyooqe= 21 and 28 mV, respectively, so both
parameter sets are consistent with the measured upper limit
dode Tjimit=30 mV. Therefore, the Tung model with these param-
eter values is consistent with both the macroscopic diede
/ curve, as well as the nm-scale BHD. We find that only pa-
lotole— v 1 rameter sets withc; in the range of X10° to 1
0.2 0.4 0.6 0.8 1.0 x10"®cm™2 and correspondingr, in the range of 0.94
Forward Bias ¥, (V) X 10" % to 1.06x 10~ 4 V¥3cm?? are consistent with both the
macroscopicl-V data as well as the nm-scale BHD. In a
circles diodel-V'’s for the good diode. All the curves assum}% Iater. Secti-on, We. discuss how the measwed BHD. varies With
_/ plocak  _ O _ : applied diode biad/,, and show that this behavior also is
= (PR goo=1.271V. Dashed line: ideal-V(c,=0) with n . . a e
—n;; (Ref. 24. Dash-dot line:c,=3.0x10° cm 2 and o', = 1.06 consistent with the Tung model for parameter sets in this

x10~*V¥3em?’. Solid line: ¢;=6.0x10° cm %, and o, =1.03 range.
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FIG. 5. Comparison of calculatgdines) and measure¢empty

scale barrier heights than are actually measured. Finally, we E. Case study: The "bad” diode

try different values of the patch density, to see what range As can be seen from Fig. 1, the “bad” diode exhibits
of parameter values is consistent with measurements for substantially more current at small forward bias than either
particular diode. the “good” diode, or the expected ideal behavior. As a fig-
ure of merit, we note that the bad diode exhibits about 4000
times as much current at 0.3 V forward bias than the ideal
behavior. We now consider what range of parameter values
We first do this comparison for the “good” diode shown n the Tung model could result in this range of excess current
in Fig. 1. We start by considering the case ofideal diode  at 0.3 V forward bias, and then check to see if these param-
for which the patch densitg; =0. As discussed above, the eters are consistent with the measured BHD of the bad diode.
parametexpd is directly determined by the mean of the mea-The parameter¢g:<¢g’°a')bad= 1.268V is determined di-
sured BHD, which for the good diode givessy rectly from the mean of the measured BHD. We then con-
=<¢{§°a'>good= 1.271V. Using this parameter in the ideal di- sider different possible values of (listed in the first column
ode equatiofEq. (1), with ideality factof* n=n;;], we get  of Table ), determine the corresponding value of that
the long-dashed line shown in Fig. 5. We see that this idealvould give 4000 times excess current at 0.8s¥iown in the
curve fits the measured dd@mpty circleg well at high bias, second column in Table),l calculate the resultingr,ogel
but deviates somewhat at lower bias. Much better agreemeftthird column, which then can be compared with the mea-
with measurement can be found using the Tung model for gured upper limit ofrji,,;;=~30 mV. The fourth and fifth col-
particular range of parameter values. For example, the daslimns of Table | show fractional patch coverage and the po-
dot line in Fig. 5 was calculated using E@) with the pa-  tential depth of a typical patcfi.e., a patch of strengthr,),
rameters¢g:<¢'§°a')good= 1.271 V32 patch densityc;=3.0  respectively. The other columns will be discussed later.

D. Case study: The “good” diode

TABLE I. For a range of patch density, o, is optimized to produce measured diode current at 0.3V for the bad diode. Froro,
and o, the BHD width o,0q¢[ $g], the patch coverag€,, the typical patch deptb(o,), and the dominant patch depByy,) are
calculated avV,=0 V. The dominant patch parametgy is evaluated a¥/,=0.3 V.

Ty T model $8] Cp D(o,) D(va)
¢, (cm™?) (V¥Bem?B) (V) (%) V) Yalo, (V) Ntail

1x10° 1.47x10°% 0.074 36.6 0.122 451 0.55 62.2
3x10° 1.56x 104 0.045 12.3 0.129 4.75 0.61 5.94
1x10° 1.63x10°4 0.029 4.49 0.135 4.96 0.67 0.69
3x 10 1.71x10°* 0.017 1.48 0.142 5.18 0.73 0.066
1x10° 1.78x10 4 0.011 0.53 0.147 5.37 0.79 a0 3
3x 10 1.85x10°* 0.006 0.17 0.153 5.58 0.86 K104
1x10 1.92x10°* 0.004 0.06 0.159 5.76 0.92 A0
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Table | indicates that in the high-coverage limd; &1 in the number of deep patches present in different diodes,
x10°cm?), the resulting value ofo g4 iS larger than  with corresponding large fluctuations in the excess current.
aimit=30 mV. This means that we can reject parameter sets Hence, the Tung model in the limit af;<1x10°cm 2
that includec;>1x10°cm 2, since they would result in a appears to be somewhat similar to the view of nonidesl
nm-scale BHD that is larger than what is actually measuredbehavior observed in metali SiC Schottky diodes pro-
Hence, the only way that the Tung modelith a Gaussian posed by Skrommet al,'® who argued that the excess cur-
patch distributioh could account for the observed nonideal rent was correlated with a very small number of grgssi-

I-V behavior of the “bad” diode and still be consistent with sized deepdefects visible by electron beam induced current
the measured BHD, is if the patch density;<1 (EBIC) imaging. However, Skrommet al. suggested that
x10°cm 2. We see from Table | that this corresponds to athese defects were essentiallyedtrinsicorigin, i.e., due to
fractional patch coverag€,<~5%. Note that at these crystal defects(such as screw dislocations, epilayer pits,
smaller patch densities;, the patches must béeeper(on  stacking faults, and polytype inclusioner localized con-
averageto give the required excess current. But the requiredamination introduced during diode preparation. In contrast,
patch depth increases only weakly with decreasipgias the Tung model outlined above would ascribe such deep de-
shown in the fifth column of Tabl@ kince the excess current fects to the extreme tail of an otherwise broad, essentially
depends exponentially on patch depth. Consequentlyq  iNtrinsic patch distribution.

decreases strongly with the patch density Another way to Which view is more correct for the metal SiC system? We
think about this is that it becomes progressively less probableelieve that a combination of these two views actually makes
for the probe tip to land over a patch in the low-coveragethe most sense. We propose thadstof the surface area of
limit, and hence the patches contribute progressively less tBoth the good and the bad diodes should be well character-
the overall BHD measured by BEEM. ized by a Tung model with a large coverage of shallow

Although we cannot directly rule out the range of patchpatches(e.g., with parameterg;~5x10°cm™2, and o,
distributions withc, <1 x 10° cm ™2, a more detailed analysis ~1x10™*V¥3cn??), but the bad diodes also contain a few
of the Tung model reveals something surprising. It turns ougross defects of extrinsic origin, which dominate the excess
that most of the excess current would be contributed by agurrent observed at low bias. This would explain in a natural
extremely small number of particularly deep patches in thevay (1) the excellent agreement for the good diode to the
extreme tail of the Gaussian patch distribution. The numbeifung model with respect tboththe macroscopit-V curves
of such “dominant” patches becomes so small fgr<1  (Fig. 5 and the nm-scale BHIFig. 2), (2) the nearly iden-

x 10° cm™2, that one would expedbn averaggfewer than  tical measured BHDs for the good and bad diodes. 2),
one such dominant patch in a typical diode structure. To se@nd(3) the observed “grouping” of the diodesee Fig. ],
this, we examine Eq4a) in more detail to determine what Where group A in Fig. 1 presumably contains diodes with no
range ofy gives the largest contribution to the excess cur-gross extrinsic defects, while group B contains diodes with
rent. The patch density falls off sharply with[sinceP[y]  One or more extrinsic defects.
cexp(— )/2/20%)], but the thermionic current though a patch
increases strongly witly (sincel e v) = v exd BD(7)]; see
Eq. (3)). Consequently, the integrand in Eda) is peaked at
a value ofy=1y4, where We have proposed that most of the surface area of all the
diodes is well characterized by a Tung model with a signifi-
4 7 2R cant coverage of shallow patches. If this is true, then there
1+ \/1+ 2—2(—) ) (8) should be an additional, observable effect: the BHD mea-
3B\ Voo sured by BEEM should actuallyecome broadeif a reverse
bias is applied across the diode during BEEM measurement.
This is because the depth below background of a particular
patchincreaseswith increasing reverse bias, as illustrated in
Fig. 3(c). This should result in an increase in the distribution
¥f local barrier heights. We investigated this effect for the

. : ood diode, by measuring sets of 100 BEEM spectra to
Secondly, the corresponding depth of these dominant patch 3mple the BHD at a particular reverse bias, determining the

0 . .
below ¢ is very large(as shown in the seventh column of spreado . in this sampled BHD, and plotting.,.as a

Table ), and is deeper than0.7 V for Cl<1><,109 cm™®  function of the applied reverse bias. The results of these
And, finally, the actual number of the dominant patchesyeasurements are shown in Fig. 6. We have included in Fig.
(with y>1g) in a typical (0.5-mm-diameter diode is ex- g 4 data point determined from the BHD shown in Fig. 2,
tremely small. As a figure of merit we defin@lui  \which was measured ®,=0. Although the data points have
=c,A[ Plyldy, which is shown in the last column of sjgnificant fluctuations, we do in fact observe a genéral
Table I. We see thal; is very small (<1) for c;<1 creasein omeasWith increasing reverse bias. Since a small
x10°cm 2, and is extremely smal(<0.01) for c;<1 current will flow through the diode under reverse bias, one
x 108 cm2. Hence even if a set of diodes were prepared tesshould be concerned that this might introduce extra current
be nominally identicali.e., with identical parameter values noise into the BEEM measurements, which could increase
one would still expect extremely largeatisticalfluctuations  the uncertaintyo,qse in the measured local barrier height.

F. Effect of reverse bias on the nm-scale BHD

1 1/3

Yo=3 038

Voo
n

It turns out thatyy is surprisingly deep for B-SiC (as
shown in the sixth column of Table &nd falls far into the
tail of the assumed Gaussian distributiomofVe note three
important points about these dominant patches. First, roughl
half the excess diode current is due to patches withy, .
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0.08 —T—T—T—T—T—— =\Cpo3(Vpn/ 1)+ 0fyse This is shown by the solid
- °°-so§ . line in Fig. 6, where we have assumed parameter

0.07 [s°°°°° Ha0g . values ¢g=1.271V, ¢;=6.0x10°cm 2 and o,=1.03
{20 . X 10 4V¥3cm?3, We see that the expected increase in

0.06 [l . O model With increasing reverse bias agrees reasonably well
01234567 . . ..
- Reverse Bias (V) ] with the observed increase, giving further support to the pro-
- posal that the good diode is well characterized by a Tung
model with these particular parameter values.

IV. CONCLUSIONS
0.03 F Dots: &,,,,, measured by BEEM -

meas

Solid ctmves: & from the Tung model We have used the Tung mo8i¢b calculate the expected
TVES: Tpodel g model . . L . .
D nm-scale barrier-height distributigBHD) for particular pa-
0.02 o 1 2 3 4 5 6 7 3 rameter values, measured the nm-scale BHD of particular
Reverse Bias -V, (V) Schottky diodes using UHV BEEM, and directly related the
measured nm-scale BHD of a particular Schottky diode to its
FIG. 6. Data points: Widtlre,s0f measured BHD variation vs macroscopid -V characteristic. Our results indicate thaj
reverse bias-V,. Solid curve: Calculated BHD widthroqel #s]  for a relatively ideal &1-SiC diode, the Tung model with
assuminge; =6.0x10° cm?, ando,=1.03x107*V*3en?®, and  high coverage of shallow patches describe very well both the
qnoingS mV. Insgt: Root-mean-squared current noise of BEEMmacroscopic and nm-scale behaviors, wh#pthe Gaussian
signal versus applied reverse bias. Tung model could account for more nonideal diodes only by
assuming an extremely different patch-parameter distribution
The inset of Fig. 6 shows the measured current noise level ghich is dominated by a few patches in the extreme tail of
a function of reverse bias. We see that the average curregfe distribution. We instead propose that most of the surface
noise is~20% higher for the reverse bias of 1 V or larger, grea of all the diodes consists of a broad distribution of many
and accordingly we estimate the system noise under revers@allow patches, while significantly nonideal diodes also
bias to be aboutrn,se=25mV, as compared to our earlier contain a few gross defects of extrinsic orifjithat domi-
estimate ofonise=20 MV at zero applied bias. However, the pate the nonideal behavior at low bias. The proposed model
inset also shows that the current noise remains relativelyyould explain the measured nm-scale BHDs and macro-
constant at least up te V,=5 V. We therefore believe the scopic |-V characteristics of both the “good” and “bad”
observed increase iyeasWith —V, represents an increase diodes, the observed increase in the measured BHD at re-
in the actual BHD, and is not simply due to increased systenyerse diode bias, and the observed large diode-to-diode

noise. Interestingly the current noise shows a sharp increasgriations and “grouping” of the macroscopleV charac-
at —V,=6V, which may be partly responsible for the larger tgristics.

deviation of o ,easfrom the model calculatiofsee below at
—Vy=6 and 7 V.

As discussed in Sec. Il C, the expected “true” width of
the BHD from the Tung model is given by E¢7), where The authors thank O. Shigiltchoff, R. P. Devaty, and E. R.
Vpp @and C, both depend implicitly on the applied bias. To Heller for helpful comments and suggestions. The work done
compare with the observed values@f,sshown in Fig. 6, at the Ohio State University was supported by the Office of
we need to broadewroqe by the system noise asn.qe  Naval Research under Grant No. NO0014-93-1-0607.

ACKNOWLEDGMENTS

*Electronic mail: hjim@mps.ohio-state.edu Litov. Fiz. Sb.28, 191(1988.
L. J. Brillson, Surf. Sci. Rep2, 123(1982; R. T. Tung, J. Vac.  8R. T. Tung, Phys. Rev. B5, 13 509(1992; Appl. Phys. Lett58,
Sci. Technol. B11, 1546(1993. 2821(199)).
2E. H. Rhoderick and R. H. Williamsyletal-Semiconductor Con-  °H. H. Weitering, J. P. Sullivan, R. J. Carolissen, Rré2eSandoz,
tacts 2nd ed.(Oxford University Press, Oxford, 1988 W. R. Graham, and R. T. Tung, J. Appl. Phy8, 7820(1996.
3Silicon Carbide: A Review of Fundamental Questions and Appli-°S. Anand, S-B. Carlsson, K. Deppert, L. Montelius, and L. Sam-
cations to Current Device Technolgggdited by W. J. Choyke, uelson, J. Vac. Sci. Technol. B4, 2794(1996.
H. Matsunami, and G. PengAkademie Verlag, GmbH, Berlin, 1A, Olbrich, J. Vancea, F. Kreupl, and H. Hoffmann, J. Appl.
1997. Phys.83, 358(1998.
4Silicon Carbide, IlI-Nitrides and Related Materialedited by G.  '2R. F. Schmitsdorf, T. U. Kampen, and W. Mch, J. Vac. Sci.
Pensl, H. MorkggB. Monemar, and E. JanzéTrans Tech pub- Technol. B15, 1221(1997.
lications, Switzerland, 1998 3. E. Jones, B. P. Wood, J. A. Myers, C. Daniels-Hafer, and M.
5J. L. Freeouf, T. N. Jackson, S. E. Laux, and J. M. Woodall, Appl.  C. Lonergan, J. Appl. Phy&6, 6431(1999.
Phys. Lett.40, 634 (1982. T4M. H. Hecht, L. D. Bell, W. J. Kaiser, and F. J. Grunthaner, Appl.
6]. Ohdomari and H. Aochi, Phys. Rev. 8, 682(1987. Phys. Lett.55, 780(1989.

AL Bastys, V. B. Bikbaev, J. J. Vaitkus, and S. C. Karpinskas,lsc. Detavernier, R. L. Van Meirhaeghe, R. Donaton, K. Maex, and

075310-8



NANOMETER-SCALE TEST OF THE TUNG MODEL 6. ..

F. Cardon, J. Appl. Phy®4, 3226(1998.

8. Olbrich, J. Vancea, F. Kreupl, and H. Hoffmann, Appl. Phys.
Lett. 70, 2559(1997).

"H.-3. Im, Y. Ding, J. P. Pelz, B. Heying, and J. S. Spéakpub-
lished.

18\y. J. Kaiser and L. D. Bell, Phys. Rev. LeB0, 1406(1988; L.
D. Bell and W. J. Kaiseribid. 61, 2368(1988.

9B, J. Skromme, E. Luckowski, K. Moore, M. Bhatnagar, C. E.
Weitzel, T. Gehoski, and D. Ganser, J. Electron. Ma28r.376
(2000.

204 ... Im, B. Kaczer, J. P. Pelz, and W. J. Choyke, Appl. Phys.
Lett. 72, 839(1998.

2YIn this article SBH is measured as electric potential barrier of an
electron and thus has dimension of volts. Also the term “poten-,
tial” used here refers to negative of the real electric potential.

225, M. Sze,Physics of Semiconductor Deviceznd ed.(Wiley,
New York, 198).

23U. Karrer, O. Ambacher, and M. Stutzmann, Appl. Phys. L&.
2012(2000.

2ni=(1+9dA¢/dV) ! is due to the Schottky effediRef. 22,
where the image force induces the barrier loweritg, This is
only a mild effect for our systentn;;<1.02 for V<0.75V)
because the I8-SiC epilayer used is weakly doped.

25, J. Schowalter and E. Y. Lee, Phys. Rev4B R9308(1997).

PHYSICAL REVIEW B 64 075310

26K Reuter, F. J. Garcia-Vidal, P. L. de Andres, F. Flores, and K.

Heinz, Phys. Rev. Let81, 4963(1998.

27H. Sirringhaus, E. Y. Lee, and H. von'Kel, Phys. Rev. Letf73,

577(1994; T. Meyer and H. von Kael, ibid. 78, 3133(1997).

2p_ R. Bevington,Data Reduction and Error Analysis for the

Physical ScienceéMcGraw-Hill, New York, 1969, p. 242.

29Notice small difference in notations between this article and Ref.

8: (1) The number density of patches used here accounts for
both lower and higher potential patch@s$ equal numberand is
twice as big as that in Ref. 82) A negative value ofy is
meaningful in this article and represents a higher potential patch.
(3) The effective areadqfy) defined here is different from
Ag In Ref. 8.

(Ec—Eg) neutras for the 6H-SiC sample used in this study is cal-

culated to be 0.24 eV using the conduction band density-of-state
effective mass for electromay./my=0.70. See Ref. 4 and Ref.
22, p. 17.

Slstrictly speaking,P [ ¢g] is defined only for positive values of

¢g and, therefore, is not exactly Gaussian. However the effect
of the deviation may be safely neglected.

32An even better, almost perfect, fit could be obtainedJfis also

allowed to change by a small amoyatfew hundredths of a volt
smaller than( ¢ 00

075310-9



