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Nanometer-scale test of the Tung model of Schottky-barrier height inhomogeneity
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~Received 26 January 2001; published 25 July 2001!

Tung has shown@Phys. Rev. B45, 13 509 ~1992!# that a range of ‘‘nonideal’’ behaviors observed in
metal/semiconductor~MS! 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 asimultaneousmicroscopic and macroscopic test of this model as applied to metal/6H-SiC Schottky
diodes, by~1! measuring the nm-scale barrier-height distribution~BHD! of particular Schottky diodes using
ultrahigh vacuum~UHV! ballistic electron emission microscopy~BEEM!, ~2! extending the Tung model to
calculate the expected nm-scale BHD for particular parameter values, and~3! quantitatively relating the
measured nm-scale BHD of a particular Schottky diode to its macroscopicI -V characteristic. Our studies
indicate that~1! for relatively ideal diodes, both the microscopic and macroscopic behaviors are explained well
by the Tung model with a large coverage~.5%! of shallow patches,~2! the measured BHDs are nearly
identical for relatively ideal and highly nonideal diodes, and~3! a 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 defects ofextrinsicorigin. This last conclusion is consistent with a recent
study by Skromme and co-workers@J. Electron. Mater.29, 376 ~2000!#.

DOI: 10.1103/PhysRevB.64.075310 PACS number~s!: 73.40.Ns, 73.40.Sx
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I. INTRODUCTION

Electrical transport across metal/semiconductor~MS!
contacts is of great technological importance and has b
the subject of long-standing scientific controversy.1,2 Recent
interest in wide-bandgap materials such as SiC and GaN
creases the demand for better understanding and contr
the metal contacts, for making both good Ohmic conta
~for large current injection applications! and rectifying
Schottky contacts~for field effect and other devices!.3,4 How-
ever, fabricated Schottky contacts on these wide-band
materials often exhibit significant device-to-device variatio
and/or ‘‘nonideal’’ behavior in measured current-volta
(I -V) characteristics. It is clearly important to understand
physical origin of such nonideal behavior so that it can
controlled in future device applications. Freeoufet al.5 in
1981, as well as Ohdomariet al.6 and Bastyset al.7 in the
late 1980’s, demonstrated that if small interfacial ‘‘patche
with reducedlocal Schottky-barrier height~SBH! exist and
are of size comparable to or less than the semicondu
Debye length, then a so-called ‘‘potential pinch-off’’ wou
occur within the patches. This would result in a voltag
dependent variation in the local barrier height and could
plain in a natural way a variety of observed nonideal beh
ior, including observations of a diode ‘‘ideality factor’’ tha
was larger than the expected ideal factor orn>1. In 1991,
Tung further developed the ideas and showed8 that this non-
ideal behavior could be quantitatively explained by assum
specific distribution of nanometer-scale interfacial patche
reduced SBH. Since then several authors have been ab
account for much of the observed nonideal behavior by
0163-1829/2001/64~7!/075310~9!/$20.00 64 0753
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suming certain distributions of microscopic barrier heigh
for the different diodes,8–13 and have pointed out that thi
would also explain the strong correlation that is often o
served between the ‘‘effective’’ barrier height and the ideal
factor measured on sets of diodes.12 There is experimenta
evidence14–17 that nm-sized lateral variations in SBH ma
exist, at least in certain MS systems. Olbrichet al.11,16 has
recently shown that potential pinch-off effect can be o
served near intentionally introduced low-barrier height ar
in Au/Co/GaAsP diodes, and that these low-barrier areas
relate well with the effective barrier height of the entire d
ode.

To date, however, there has been no attempt todirectly
relate naturally occurring nm-scale variations in the SBH
a particular diode to the nonideal ‘‘macroscopic’’ behavior
the I -V characteristic of that diode. It should be possible
do this, since nm-scale patches can be measured and qu
fied by the nm-resolution technique of ballistic electr
emission microscopy~BEEM!.18 This would help determine
whether the Tung model~or some other mechanism! is
mostly responsible for observed nonidealities in particu
kinds of fabricated Schottky diode structures. Such a co
parison of nm-scale and macroscopic behavior is impor
to do, particularly since a recent study by Skrommeet al.19

of Schottky diodes on 4H-SiC suggests that the nonide
behavior in that system may in fact be due mostly to a f
large ~mm-scale! pathological defects, rather than to a mo
‘‘homogeneous’’ distribution of nm-scale patches. Und
standing the true physical origin of the nonideal behavio
essential for future efforts to reduce and eliminate it.

Here we report direct nm-scale measurements and mo
©2001 The American Physical Society10-1
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ing designed toquantitatively test the limits of the Tung
model for explaining nonideal diode behavior in Pd/6H-SiC
contacts. We do this by~1! using BEEM to sample the nm
scale barrier-height distributions~BHDs! over the surface of
particular Schottky diodes,~2! using the Tung model to cal
culateboth the expected macroscopic diodeI -V curves and
the expected nm-scale BHDs that should result from spe
‘‘patch parameter’’ distributions, and~3! comparing the
measured BHDs to the calculated BHDs to determine wh
patch parameter distributions could possibly be presen
actual, nonideal Schottky diodes. Our results are a bit
prising. For a nearly ideal diode~n,1.1 over a wide voltage
range!, both the nm-scale BEEM measurements and the
ode I -V curve are consistent with a broad distribution
shallow patches that cover a large fraction~.5%! of the
sample surface. However, for a diode with significant no
idealities, our measurements rule out the possibility that
extreme nonidealities are caused by a broad distribution
patches that cover a significant fraction~.1%! of the diode
area. The nm-scale measurements cannot directly rule ou
possibility that the nonidealities are caused by dee
patches that cover a much smaller fraction of the diode a
since these patches would likely bemissedby BEEM mea-
surements that can only sample a small fraction of the di
area. However, a more detailed analysis of the Tung mo
in the small-coverage limit indicates that most of the no
ideal behavior would be due toan extremely small numbe
~on average!1 in an entire device! of very ‘‘deep’’ patches
in the extreme tail of a Gaussian patch-parameter distr
tion. We believe that a more likely explanation is that t
nonideal behavior in this case is due to a few large defect
extrinsicorigin, as suggested in recent studies by Skrom
et al.19

II. EXPERIMENTAL PROCEDURE

The SiC wafer consisted of a Si-terminated 6H-SiC
~0001! epilayer grown on a 6H-SiC substrate, and wa
chemically cleaned by solvent ultrasonic bath followed
repeated ultraviolet ozone oxidation/HF etching cycles. D
tails of the cleaning procedure are discussed elsewhe20

Both the epilayer and substrate aren-doped with concentra
tions of ND5331015cm23 and 131018cm23, respectively.
The sample was then introduced into ultrahigh vacu
~UHV!, and a number of 0.5-mm-diameter Schottky diod
were made by depositing a 6-nm-thick Pd film through
shadow mask using electron-beam evaporation. The
strate was then passed into an adjacent UHV analysis ch
ber, where a 0.1 mm diameter Au wire contacted and m
sured the diodes one at a time. The SiC substrate serve
the common back contact for all the diodes. All ‘‘macr
scopic’’ diode I -V measurements as well as the nm-sc
BEEM measurements were donein situ at room temperature

III. RESULTS AND DISCUSSION

A. Measurements

The macroscopic diodeI -V measurements of the variou
diodes exhibit a variety of behaviors, ranging from nea
07531
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Ohmic to highly rectifying. Figure 1 plots forward-bias diod
I -V curves of several of the rectifying diodes. Substan
device-to-device variation is obvious, even though the dio
were prepared under nominally identical conditions. F
each rectifying diode, the ‘‘macroscopic’’ SBH (fB

macro),21

ideality factor~n!, and series resistance (Rs) were extracted
by fitting the thermionic emission equation~for Va
.3kBT/q)2,22

I 5AA* T2 exp~2qfB
macro/kBT!

3$exp@q~Va2RsI !/nkBT#21% ~1!

to a portion of the measuredI -V curves that appears approx
mately linear on a semilog plot~the abscissa beingVa!. Here,
Va is the applied external bias,A is device area (>1.96
31023 cm2), A* is the 6H-SiC Richardson constan
(>156 A cm22 K22), q is the electronic charge,kB is the
Boltzmann constant, andT is the sample temperature~>294
K!. Note that the actual voltage dropV across the depletion
region isV5Va2RsI . The inset of Fig. 1 plotsfB

macroversus
n, showing a pronounced correlation between the two par
eters. This correlation is similar to that reported by oth
authors,12,19,23who also proposed that a ‘‘homogeneous’’
‘‘zero bias’’ barrier heightfB

hom, could be deduced by ex
trapolating the plot back ton5ni f '1.01.24 In our case, a
least-squares fit of the data~the dashed line in the inset o
Fig. 1! givesfB

hom>1.2460.09 V.
From Fig. 1, we see that the different diodes can

roughly divided into two groups, those with roughly ide
behavior down to low forward bias~group A! and those with
significant nonidealities below;0.6 V forward bias~group
B!. In order to compare the macroscopic and nm-scale
havior in more detail, two devices were chosen as exam
for nm-scale analysis, which we refer to as a ‘‘good’’ and

FIG. 1. Measured diodeI -V curves of a set of Pd/6H-SiC con-
tacts, which appear to be divided into group A~relatively ideal
behavior! and group B~highly nonideal!. Thick curves marked by
arrows indicate a particular ‘‘good’’ and a ‘‘bad’’ diode chosen f
detailed analysis~see text!. The good diode shows macroscop
SBH fB

macro>1.21 V and ideality factorn>1.06, whereas the bad
diode hasfB

macro>0.97 V andn>1.49. Inset: measuredfB
macro ver-

susn for the different diodes. Arrows mark the two chosen diod
0-2
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NANOMETER-SCALE TEST OF THE TUNG MODEL OF . . . PHYSICAL REVIEW B 64 075310
‘‘bad’’ diode, respectively. TheI -V curves of these two di-
odes are plotted with thicker lines and marked by the app
priate arrows in Fig. 1. The good diode shows very id
diode behavior over a wide voltage range~with fB

macro

>1.21 V andn>1.06!, whereas the bad diode shows s
verely nonideal behavior~fB

macro>0.97 V andn>1.49 over a
fitting range from 0.12 to 0.38 V!. The nm-scale BHD for
both diodes was measured using BEEM,18 a technique based
on scanning tunneling microscopy that can measure~among
other things! the local barrier height at Schottky interfac
with a nm-scale resolution.14,17,25–27Both diodes had suffi-
ciently high zero bias resistance~.55 and 8 GV for the good
and bad diodes, respectively! so that BEEM measuremen
could be made with a high signal-to-noise ratio. Diodes w
much smaller zero bias resistance have larger backgro
noise in the measured BEEM current, due to larger ther
noise and increased susceptibility to external voltage fluc
tions.

On each of the good and bad diodes, 800 BEEM spe
were taken at different locations over the sample surfa
each separated by at least 30 nm. Each BEEM spectrum
fit using the Bell-Kaiser model18 to extract the local SBH
fB

local. Figure 2 shows the measured distributions offB
local of

the two diodes.~Notice that the histograms are interpreted
the BHDs.! The good diode had a measured mean S
^fB

local&good51.271 V and standard deviationsmeas529 mV,
while for the bad diode^fB

local&bad51.268 V and smeas

533 mV. The experimental uncertainty in the extract
fB

local from each BEEM spectrum is estimated28 to besnoise

>20 mV, which is due mostly to;35 fA of noise in the
measured BEEM current. Here we note two things:~1! The
measured BHDs of the good and bad diodes are essen
identical, within statistical fluctuations. This gives immedia
and strong evidence that nonidealities in the bad diode
probably due to a small pathological fraction of the sam
area that was not sampled by BEEM. We will return to th
point later.~2! Since the experimental uncertainty is of com

FIG. 2. Measured nm-scale barrier height distributions of
good diode~gray solid bars! and the bad diode~empty bars! as
determined by fitting 800 BEEM spectra using the Bell-Kais
theory ~see text!. The estimated fitting error due to system noise
snoise>0.02 V. The two distributions are identical within statistic
uncertainties.
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parable magnitude as the measured spread in the BHD
conclude that theactualvariations in barrier height are to b
reduced from the measured distributions approximately
sactual'Asmeas

2 2snoise
2 >21 or 26 mV, for the good and ba

diode, respectively. This represents thelargest spread that
the actual BHD could reasonably have without contradict
the measured BHDs shown in Fig. 2. For the subsequ
analysis, we takes limit'30 mV as a conservativeupper limit
for the spread in the actual BHD.

B. The Tung model and calculated diodeI -V curve

The Tung model8 envisioned an areal density29 c1 of cir-
cular ‘‘patches’’ having varying interfacial barrier heigh
embedded in uniform background of barrier heightfB

0 @see
Fig. 3~a!#. An individual patch was assumed to have a rad
R0 and a potential depthD relative to the background barrie
height. Tung pointed out that a patch could~in certain limits!

e

r

FIG. 3. ~a! Schematic of the Tung model. A random distributio
of circular patches of sizeR0 and barrier heightfB

02D in the
otherwise homogeneous background of SBHfB

0. ~b! A patch of
size comparable to or smaller than the semiconductor Debye le
gives rise to a potential saddle-pointS beneath the patch centerO.
~c! Potential profile along the interface normal~alongO-S! for zero
applied biasVa , and for a reverse bias (Va,0). Reverse bias re-
duces the potential maximum~i.e., anincreased depth! nearS. ~d!
Lateral profile of the potential maximum projected normally on
the MS interface. The dashed line is the exact potential, the d
dot line is Tung’s parabolic approximation, and the solid line is t
truncated paraboloid used to calculate the microscopic BHD.~e!
Calculated probability density for a single low-barrier patch
strengthg, with fB

min5fB
02D(g) andfB

max5fB
0.
0-3
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be treated approximately as an electrostaticdipolemomentp
of strengthp52esDpR0

2, wherees is the permittivity of the
semiconductor. Instead of directly dealing with individu
distributions ofD and R0 , Tung defined a ‘‘patch param
eter’’ g[3(R0

2D/4)1/35(27/8pes)
1/3p1/3 and analyzed mod

els in whichg was assumed to have a particular distributio
such as a delta-function distribution or a Gaussian distri
tion with a widthsg .8 Most subsequent analysis has focus
on an assumed Gaussian distribution ofg given by a prob-

ability density functionP@g#5e2g2/2sg
2
/A2psg

2,29 since it is
expected that a range of nonideal patches could be prese
a real physical system.9,11,12,15 Tung assumed that bot
higher-barrier and lower-barrier patches could be presen
the real system, but neglected the high-barrier patches in
calculation of excess~thermionic! diode current, since this
excess current would fall off exponentially with barri
height and the patches were assumed to cover a relat
small fraction of the entire diode area. However, our BEE
measurements probe the local barrier height directly,
hence would be just as sensitive to high-barrier patche
low barrier ones. So for the calculated BHD~see next sec-
tions!, we include both low-barrier patches~with g.0! and
high-barrier patches~with g,0!.

Tung pointed out that the local barrier height variati
around a lower-barrier dipole patch is characterized b
‘‘potential pinch-off’’ condition, with a corresponding
saddle-pointbarrier height variation@point S in Fig. 3~b!#. In
the direction normal to the interface@line O-S in Fig. 3~b!#,
this potential profile has amaximumat this saddle point@see
Fig. 3~c!#, located at some depth in the semiconductor
rectly behind the patch. However, the potential has amini-
mumat the saddle point along a line parallel to the interfa
@line S-B in Fig. 3~b!#. This is illustrated in Fig. 3~d!. The
dashed line in the figure represents the lateral profile of
potential maximum projected normally onto the MS inte
face. The maximum depthD(g) of this potential~relative to
the backgroundfB

0! is given by8 D(g)5g(Vbb /h)1/3, where
Vbb5fB

02(EC2EF)neutral2V is the band bending of the MS
junction, (EC2EF)neutral is the depth of Fermi level relative
to the conduction band minimum deep in the semicondu
bulk,30 andh[es /qND . To simplify the calculations, Tung
approximated this potential cross section by a paraboloi~a
cylindrically symmetric second-order expansion!, schemati-
cally shown by the dash-dotted line in Fig. 3~d! and given
explicitly by the expression

V~r,zsaddle!>fB
02D~g!1

9

g S Vbb

2WD 4/3

r2, ~2!

where the saddle pointS is denoted by (r,z)5(0,zsaddle).
Tung then calculated the excess diode current from

patch by integrating the thermionic emission current eq
tion over this parabolic potential profile. Tung’s calculat
current for a single patch is8

I patch~g!5A* T2~4pgh2/3/9bVbb
2/3!exp$2b@fB

02D~g!#%

3@exp~bV!21#, ~3!
07531
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whereb[q/kBT. The second-order expansion of the pote
tial is quite accurate close to the potential minimum, b
becomes inaccurate and greatly exceeds the background
tential fB

0 far away from the potential minimum. This doe
not significantly affect the calculated thermionic curre
~which falls off exponentially at higher potential!, but would
introduce unphysically large barrier heights in the calcula
BHD. For the calculated BHD~see next section!, we there-
fore truncatethe second order expansion of the potential a

radiusRpatch(g)5( 1
3 )(2W/Vbb)

2/3AgD(g), where it is equal
to fB

0. This is shown by the solid curve in Fig. 3~d!!. Here
W5(2esVbb /qND)1/2 is the semiconductor depletion width
Note thatRpatch(g) is not directly related toR0 defined pre-
viously. We also define an effective area29 of an individual
patch asApatch(g)[p@Rpatch(g)#2 and the fractional cover-
age of all the patches asCp[(gApatch(g)/A, where the sum-
mation is over the assumed patch distribution. For the cas
a Gaussian patch distribution of widthsg , this reduces to
Cp5pc1sg

2(16W4/h)1/3/9Vbb . Note thatD(g), Rpatch(g),
Apatch(g), andCp all depend implicitly on the applied bia
Va through the band-bending termVbb . Tung then calcu-
lated the net diode current by integrating Eq.~3! over the
assumed distribution of patches, and adding the current f
the uniform background. This total current can be expres
by

I total5c1AE
0

`

P@g#I patch~g!dg1I background ~4a!

5AA* T2 exp~2bfB
0 !@exp~bVa!21#

3$12Cp1~2pc1sg
2h1/3/9Vbb

1/3!

3exp~b2sg
2Vbb

2/3/2h2/3!@11erf~bsgVbb
1/3/&h1/3!#%,

~4b!

where erf stands for the error function. Equation~4b! is es-
sentially identical to that derived by Tung, except that w
have explicitly reduced the contribution ofI backgroundby a
factor of (12Cp) to account for the fraction of the diod
area covered by the patches.

C. nm-scale BHD calculated from the Tung model

We next use the Tung model to calculate the expec
BHD for a particular patch-parameter distribution, so tha
can be compared with the measured BHDs shown in Fig
We first consider the expected BHD for a diode with ze
applied bias (Va50), since the data in Fig. 2 was measur
at Va50. We proceed by first considering the BHD of a
individual patch of strengthg, then averaging over a Gaus
ian patch-parameter distribution, and then including the u
form background distribution. It is straightforward to calc
late the BHD for an individual patch, since the potent
around a patch is assumed to be a truncated paraboloi
shown in Fig. 3~d!. The BHDPpatch@fB ;g# for an individual
paraboloid turns out to be auniformdistribution, as shown in
Fig. 3~e!. This uniform distribution is bounded fromfB

min

5fB
02D(g), corresponding to locations directly over the ce
0-4
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ter of the patch, tofB
max5fB

0 at the edge of the patch, and h
an amplitude@D(g)#21 to ensure thatPpatch@fB ;g# is prop-
erly normalized. Patches with barrier heights higher thanfB

0

are assumed to contribute toPpatch@fB ;g# in a symmetric
way with fB

min5fB
0 andfB

max5fB
02D(g), where bothg and

D(g) are taken to be negative for high-barrier patches.
note that this actually underestimates the contribution fr
high-barrier patches, since potential pinch-off occurs o
for low-barrier patches.8 A more accurate calculation ca
only be made if one knows theseparatedistributions for the
radiusR0 and a potential depthD of the high-barrier patches
but which are only includedjointly as the patch strengthg in
the Tung model. However, since thisunderestimatesthe
spread in the BHD, we can still use these calculations
determine what range of parameter values would produc
nm-scale BHD thatexceedsthe measured BHD. This is dis
cussed in more detail later in this section.

We next calculate the BHDPp@fB# for all the patches,
but not yet including the uniform background regions. Th
is given by

Pp@fB#5
(gApatch~g!Ppatch@fB ;g#

(gApatch~g!
. ~5!

The patch areaApatch(g) is included because the probabili
that the probe tip lands over a particular patch is proportio
to the patch area. Since the distribution ing is assumed to be
Gaussian, it turns out thatPp@fB# is itself a Gaussian
function31 of fB , centered at fB

0 with a width sp

5(Vbb /h)1/3sg .
Finally, we can write an expression for the model BHD

the entire diode:

Pmodel@fB#5CpPp@fB#1~12Cp!d~fB2fB
0 !. ~6!

The first term is due to all the patches~which cover a fraction
Cp of the total diode area!, while thed function in the second
term describes the uniform background. Figure 4 sho
an example of whatPmodel@fB# should look like, assuming
fB

051.271 V, c156.03109 cm22, and sg51.03

FIG. 4. Solid lines: calculated BHDPmodel@fB# from the Tung
model, consisting of a Diracd function ~arrow! from the uniform
background and a Gaussian distribution for the patches, using
rameter values from the solid curve in Fig. 5~see text!. Gray bars:
measured BHD of the good diode from Fig. 2.
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31024 V1/3cm2/3. This model distribution consists of
sharp, delta-function central peak~due to the uniform back-
ground areas of the diode! superimposed on a broad ‘‘wing’
~due to the patches! of width sp and integrated probability
Cp50.107. Once we have the model BHD as given by E
~6!, it is easy to calculate the overall standard deviation
this model distribution

smodel5ACp sp5ACp~Vbb /h!1/3sg . ~7!

The Tung model is essentially defined by three para
eters: the background barrier heightfB

0, the number density
of patchesc1 , and the widthsg of the Gaussian patch
parameter distribution. These three parameters determ
both the expected macroscopic diodeI -V characteristic@Eq.
~4!# and the expected nm-scale BHD@Eq. ~6!#. In principle, it
seems we should be able to extract all three parameter
rectly from the measured BHD. The mean value of the m
sured BHD would give usfB

0, and the width and total are
of the wing part of the distribution would give ussp andCp ,
which in turn could be used to extract the intrinsic mod
parametersc1 andsg . However, a comparison of the mod
BHD and the measured BHD~see Fig. 4! shows that this is
not directly possible. The problem is that the measured B
does not have a distinct~resolvable! sharp central peak and
distinct wing region. This makes it difficult to decide ho
much of the measured BHD is due to the patches~the wing!,
and how much is part of the uniform background~the sharp
peak!. There are several reasons for this. First, the meas
ment uncertainty (snoise>20 mV) is comparable to the mea
sured width of the BHD (smeas>30 mV), and hence would
significantly broaden any sharp central peak. Second,
Tung model itself is at best an approximate description of
true interface. In particular, the ‘‘uniform background’’ of
real MS system isprobably not perfectly uniform, and likely
has some variation in barrier height that would broaden
central peak. Third, the experimental statistics at the edge
the measured BHD are not very high, making it difficult
clearly identify and quantify a ‘‘wing’’ distribution due to
patches. Nevertheless, it is important to realize that the m
sured BHD can still be used to test the parameter val
assumed for the Tung model as applied to a particu
Schottky diode. In particular, we can rule out parameter v
ues that would result insmodel.s limit>30 mV, since the
measured BHD~Fig. 2! is not consistent with a model dis
tribution wider thans limit .

In order to compare the measured and model behavi
we accordingly adopt the following procedure.~1! The pa-
rameterfB

0 is determined directly from themeanof the mea-
sured BHD from a particular diode:fB

05^fB
local&. ~2! We

assume a particular value of the patch densityc1 , which is
treated as a free parameter.~3! The parametersg is then
determined so the calculated macroscopic diodeI -V charac-
teristic @Eq. ~4!# will be consistent with the measuredI -V
characteristic for that diode.~4! This set of parameters im
plies a particular value ofsmodel for the nm-scale BHD. This
is compared with the measured upper limits limit>30 mV. If
smodel.s limit , then we reject this particular set of param
eters, since it would result in a broader distribution of n

a-
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scale barrier heights than are actually measured. Finally
try different values of the patch densityc1 , to see what range
of parameter values is consistent with measurements f
particular diode.

D. Case study: The ‘‘good’’ diode

We first do this comparison for the ‘‘good’’ diode show
in Fig. 1. We start by considering the case of anideal diode,
for which the patch densityc150. As discussed above, th
parameterfB

0 is directly determined by the mean of the me
sured BHD, which for the good diode givesfB

0

5^fB
local&good51.271 V. Using this parameter in the ideal d

ode equation@Eq. ~1!, with ideality factor24 n5ni f #, we get
the long-dashed line shown in Fig. 5. We see that this id
curve fits the measured data~empty circles! well at high bias,
but deviates somewhat at lower bias. Much better agreem
with measurement can be found using the Tung model fo
particular range of parameter values. For example, the d
dot line in Fig. 5 was calculated using Eq.~4! with the pa-
rametersfB

05^fB
local&good51.271 V,32 patch densityc153.0

FIG. 5. Comparison of calculated~lines! and measured~empty
circles! diode I -V’s for the good diode. All the curves assumefB

0

5^fB
local&good51.271 V. Dashed line: idealI -V(c150) with n

5ni f ~Ref. 24!. Dash-dot line:c153.03109 cm22 and sg51.06
31024 V1/3 cm2/3. Solid line: c156.03109 cm22, and sg51.03
31024 V1/3 cm2/3.
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3109 cm22, andsg51.0631024 V1/3cm2/3, while the solid
line in Fig. 5 was calculated usingfB

051.271 V, c156.0
3109 cm22, andsg51.0331024 V1/3cm2/3. These two pa-
rameter sets imply fractional patch coverageCp>5.7 and
10.7 %, respectively. As discussed above, it is importan
check that a particular set of parameters is consistent with
measured nm-scale BHD. It turns out that these two par
eter sets implysmodel521 and 28 mV, respectively, so bot
parameter sets are consistent with the measured upper
s limit'30 mV. Therefore, the Tung model with these para
eter values is consistent with both the macroscopic diodeI -V
curve, as well as the nm-scale BHD. We find that only p
rameter sets withc1 in the range of 33109 to 1
31010cm22 and correspondingsg in the range of 0.94
31024 to 1.0631024 V1/3cm2/3 are consistent with both the
macroscopicI -V data as well as the nm-scale BHD. In
later section, we discuss how the measured BHD varies w
applied diode biasVa , and show that this behavior also
consistent with the Tung model for parameter sets in t
range.

E. Case study: The ‘‘bad’’ diode

As can be seen from Fig. 1, the ‘‘bad’’ diode exhibi
substantially more current at small forward bias than eit
the ‘‘good’’ diode, or the expected ideal behavior. As a fi
ure of merit, we note that the bad diode exhibits about 40
times as much current at 0.3 V forward bias than the id
behavior. We now consider what range of parameter val
in the Tung model could result in this range of excess curr
at 0.3 V forward bias, and then check to see if these par
eters are consistent with the measured BHD of the bad dio
The parameterfB

05^fB
local&bad51.268 V is determined di-

rectly from the mean of the measured BHD. We then co
sider different possible values ofc1 ~listed in the first column
of Table I!, determine the corresponding value ofsg that
would give 4000 times excess current at 0.3 V~shown in the
second column in Table I!, calculate the resultingsmodel
~third column!, which then can be compared with the me
sured upper limit ofs limit'30 mV. The fourth and fifth col-
umns of Table I show fractional patch coverage and the
tential depth of a typical patch~i.e., a patch of strengthsg!,
respectively. The other columns will be discussed later.
TABLE I. For a range of patch densityc1 , sg is optimized to produce measured diode current atVa50.3 V for the bad diode. Fromc1

and sg , the BHD width smodel@fB#, the patch coverageCp , the typical patch depthD(sg), and the dominant patch depthD(gd) are
calculated atVa50 V. The dominant patch parametergd is evaluated atVa50.3 V.

c1 ~cm22!
sg

~V1/3 cm2/3!
smodel@fB#

(V)
Cp

~%!
D(sg)

(V) gd /sg

D(gd)
(V) Ntail

131010 1.4731024 0.074 36.6 0.122 4.51 0.55 62.2
33109 1.5631024 0.045 12.3 0.129 4.75 0.61 5.94
13109 1.6331024 0.029 4.49 0.135 4.96 0.67 0.69
33108 1.7131024 0.017 1.48 0.142 5.18 0.73 0.066
13108 1.7831024 0.011 0.53 0.147 5.37 0.79 7.631023

33107 1.8531024 0.006 0.17 0.153 5.58 0.86 7.131024

13107 1.9231024 0.004 0.06 0.159 5.76 0.92 8.23105
0-6
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Table I indicates that in the high-coverage limit (c1.1
3109 cm22), the resulting value ofsmodel is larger than
s limit'30 mV. This means that we can reject parameter s
that includec1.13109 cm22, since they would result in a
nm-scale BHD that is larger than what is actually measur
Hence, the only way that the Tung model~with a Gaussian
patch distribution! could account for the observed nonide
I -V behavior of the ‘‘bad’’ diode and still be consistent wi
the measured BHD, is if the patch densityc1,1
3109 cm22. We see from Table I that this corresponds to
fractional patch coverageCp,;5%. Note that at these
smaller patch densitiesc1 , the patches must bedeeper~on
average! to give the required excess current. But the requi
patch depth increases only weakly with decreasingc1 ~as
shown in the fifth column of Table I! since the excess curren
depends exponentially on patch depth. Consequently,smodel
decreases strongly with the patch densityc1 . Another way to
think about this is that it becomes progressively less proba
for the probe tip to land over a patch in the low-covera
limit, and hence the patches contribute progressively les
the overall BHD measured by BEEM.

Although we cannot directly rule out the range of pat
distributions withc1,13109 cm22, a more detailed analysi
of the Tung model reveals something surprising. It turns
that most of the excess current would be contributed by
extremely small number of particularly deep patches in
extreme tail of the Gaussian patch distribution. The num
of such ‘‘dominant’’ patches becomes so small forc1,1
3109 cm22, that one would expect~on average! fewer than
one such dominant patch in a typical diode structure. To
this, we examine Eq.~4a! in more detail to determine wha
range ofg gives the largest contribution to the excess c
rent. The patch density falls off sharply withg @sinceP@g#
}exp(2g2/2sg

2)#, but the thermionic current though a patc
increases strongly withg „sinceI patch(g)}g exp@bD(g)#; see
Eq. ~3!…. Consequently, the integrand in Eq.~4a! is peaked at
a value ofg5gd , where

gd5
1

2
sg

2bS Vbb

h D 1/3S 11A11
4

sg
2b2 S h

Vbb
D 2/3D . ~8!

It turns out thatgd is surprisingly deep for 6H-SiC ~as
shown in the sixth column of Table I! and falls far into the
tail of the assumed Gaussian distribution ofg. We note three
important points about these dominant patches. First, rou
half the excess diode current is due to patches withg.gd .
Secondly, the corresponding depth of these dominant pat
below fB

0 is very large~as shown in the seventh column
Table I!, and is deeper than;0.7 V for c1,13109 cm22.
And, finally, the actual number of the dominant patch
~with g.gd! in a typical ~0.5-mm-diameter! diode is ex-
tremely small. As a figure of merit we defineNtail

[c1A*gd

` P@g#dg, which is shown in the last column o

Table I. We see thatNtail is very small ~,1! for c1,1
3109 cm22, and is extremely small~,0.01! for c1,1
3108 cm22. Hence even if a set of diodes were prepared
be nominally identical~i.e., with identical parameter values!,
one would still expect extremely largestatisticalfluctuations
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in the number of deep patches present in different diod
with corresponding large fluctuations in the excess curre

Hence, the Tung model in the limit ofc1,13109 cm22

appears to be somewhat similar to the view of nonidealI -V
behavior observed in metal/4H-SiC Schottky diodes pro-
posed by Skrommeet al.,19 who argued that the excess cu
rent was correlated with a very small number of gross~mm-
sized! deepdefects visible by electron beam induced curre
~EBIC! imaging. However, Skrommeet al. suggested tha
these defects were essentially ofextrinsicorigin, i.e., due to
crystal defects~such as screw dislocations, epilayer pi
stacking faults, and polytype inclusions! or localized con-
tamination introduced during diode preparation. In contra
the Tung model outlined above would ascribe such deep
fects to the extreme tail of an otherwise broad, essenti
intrinsic patch distribution.

Which view is more correct for the metal SiC system? W
believe that a combination of these two views actually ma
the most sense. We propose thatmostof the surface area o
both the good and the bad diodes should be well charac
ized by a Tung model with a large coverage of shallo
patches~e.g., with parametersc1'53109 cm22, and sg
'131024 V1/3cm2/3!, but the bad diodes also contain a fe
gross defects of extrinsic origin, which dominate the exc
current observed at low bias. This would explain in a natu
way ~1! the excellent agreement for the good diode to
Tung model with respect toboth the macroscopicI -V curves
~Fig. 5! and the nm-scale BHD~Fig. 2!, ~2! the nearly iden-
tical measured BHDs for the good and bad diodes~Fig. 2!,
and ~3! the observed ‘‘grouping’’ of the diodes~see Fig. 1!,
where group A in Fig. 1 presumably contains diodes with
gross extrinsic defects, while group B contains diodes w
one or more extrinsic defects.

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

We have proposed that most of the surface area of all
diodes is well characterized by a Tung model with a sign
cant coverage of shallow patches. If this is true, then th
should be an additional, observable effect: the BHD m
sured by BEEM should actuallybecome broaderif a reverse
bias is applied across the diode during BEEM measurem
This is because the depth below background of a partic
patchincreaseswith increasing reverse bias, as illustrated
Fig. 3~c!. This should result in an increase in the distributi
of local barrier heights. We investigated this effect for t
good diode, by measuring sets of 100 BEEM spectra
sample the BHD at a particular reverse bias, determining
spreadsmeas in this sampled BHD, and plottingsmeas as a
function of the applied reverse bias. The results of th
measurements are shown in Fig. 6. We have included in
6 a data point determined from the BHD shown in Fig.
which was measured atVa50. Although the data points hav
significant fluctuations, we do in fact observe a generalin-
creasein smeas with increasing reverse bias. Since a sm
current will flow through the diode under reverse bias, o
should be concerned that this might introduce extra curr
noise into the BEEM measurements, which could incre
the uncertaintysnoise in the measured local barrier heigh
0-7
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The inset of Fig. 6 shows the measured current noise leve
a function of reverse bias. We see that the average cur
noise is;20% higher for the reverse bias of 1 V or large
and accordingly we estimate the system noise under rev
bias to be aboutsnoise>25 mV, as compared to our earlie
estimate ofsnoise>20 mV at zero applied bias. However, th
inset also shows that the current noise remains relativ
constant at least up to2Va55 V. We therefore believe the
observed increase insmeaswith 2Va represents an increas
in the actual BHD, and is not simply due to increased syst
noise. Interestingly the current noise shows a sharp incre
at 2Va56 V, which may be partly responsible for the larg
deviation ofsmeasfrom the model calculation~see below! at
2Va56 and 7 V.

As discussed in Sec. III C, the expected ‘‘true’’ width o
the BHD from the Tung model is given by Eq.~7!, where
Vbb and Cp both depend implicitly on the applied bias. T
compare with the observed values ofsmeasshown in Fig. 6,
we need to broadensmodel by the system noise assmodel

FIG. 6. Data points: Widthsmeasof measured BHD variation vs
reverse bias2Va . Solid curve: Calculated BHD widthsmodel@fB#
assumingc156.03109 cm22, andsg51.0331024 V1/3 cm2/3, and
snoise>25 mV. Inset: Root-mean-squared current noise of BEE
signal versus applied reverse bias.
p
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2 . This is shown by the solid
line in Fig. 6, where we have assumed parame
values fB

051.271 V, c156.03109 cm22, and sg51.03
31024 V1/3cm2/3. We see that the expected increase
smodel with increasing reverse bias agrees reasonably
with the observed increase, giving further support to the p
posal that the good diode is well characterized by a T
model with these particular parameter values.

IV. CONCLUSIONS

We have used the Tung model8 to calculate the expecte
nm-scale barrier-height distribution~BHD! for particular pa-
rameter values, measured the nm-scale BHD of partic
Schottky diodes using UHV BEEM, and directly related t
measured nm-scale BHD of a particular Schottky diode to
macroscopicI -V characteristic. Our results indicate that~1!
for a relatively ideal 6H-SiC diode, the Tung model with
high coverage of shallow patches describe very well both
macroscopic and nm-scale behaviors, while~2! the Gaussian
Tung model could account for more nonideal diodes only
assuming an extremely different patch-parameter distribu
which is dominated by a few patches in the extreme tai
the distribution. We instead propose that most of the sur
area of all the diodes consists of a broad distribution of m
shallow patches, while significantly nonideal diodes a
contain a few gross defects of extrinsic origin19 that domi-
nate the nonideal behavior at low bias. The proposed m
would explain the measured nm-scale BHDs and ma
scopic I -V characteristics of both the ‘‘good’’ and ‘‘bad’
diodes, the observed increase in the measured BHD a
verse diode bias, and the observed large diode-to-d
variations and ‘‘grouping’’ of the macroscopicI -V charac-
teristics.
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