View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by ScholarWorks@UNIST

AI P Applied Physics

-f\ Letters w1/
i A |

Effect of inclined quantum wells on macroscopic capacitance-voltage response of

Schottky contacts: Cubic inclusions in hexagonal SiC
K.-B. Park, Y. Ding, J. P. Pelz, M. K. Mikhov, Y. Wang, and B. J. Skromme

Citation: Applied Physics Letters 86, 222109 (2005); doi: 10.1063/1.1935757

View online: http://dx.doi.org/10.1063/1.1935757

View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/86/22?ver=pdfcov
Published by the AIP Publishing

Articles you may be interested in

Quantum well behavior of single stacking fault 3C inclusions in 4H-SiC p - i - n diodes studied by ballistic electron
emission microscopy

Appl. Phys. Lett. 87, 232103 (2005); 10.1063/1.2138442

Correlation between morphological defects, electron beam-induced current imaging, and the electrical properties
of 4H-SiC Schottky diodes
J. Appl. Phys. 97, 013540 (2005); 10.1063/1.1829784

Cubic inclusions in 4H-SiC studied with ballistic electron-emission microscopy
J. Vac. Sci. Technol. A 22, 1351 (2004); 10.1116/1.1705644

Cubic polytype inclusions in 4H-SiC
J. Appl. Phys. 93, 1577 (2003); 10.1063/1.1534376

Barrier height determination of SiC Schottky diodes by capacitance and current-voltage measurements
J. Appl. Phys. 91, 9841 (2002); 10.1063/1.1477256

2014 Special Topics

METAL-ORGANIC
FRAMEWORK
MATERIALS

;‘-'iﬁ.u > , BIOMATERIALS/
MESOPOROUS { | sioELECTRONICS
MATERIALS

AIP APL Materials | Submit Today'


https://core.ac.uk/display/79701823?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/427975060/x01/AIP-PT/APL_ArticleDL_110514/aplmaterialsBIG_2.jpg/47344656396c504a5a37344142416b75?x
http://scitation.aip.org/search?value1=K.-B.+Park&option1=author
http://scitation.aip.org/search?value1=Y.+Ding&option1=author
http://scitation.aip.org/search?value1=J.+P.+Pelz&option1=author
http://scitation.aip.org/search?value1=M.+K.+Mikhov&option1=author
http://scitation.aip.org/search?value1=Y.+Wang&option1=author
http://scitation.aip.org/search?value1=B.+J.+Skromme&option1=author
http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://dx.doi.org/10.1063/1.1935757
http://scitation.aip.org/content/aip/journal/apl/86/22?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/87/23/10.1063/1.2138442?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/87/23/10.1063/1.2138442?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/97/1/10.1063/1.1829784?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/97/1/10.1063/1.1829784?ver=pdfcov
http://scitation.aip.org/content/avs/journal/jvsta/22/4/10.1116/1.1705644?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/93/3/10.1063/1.1534376?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/91/12/10.1063/1.1477256?ver=pdfcov

HTML AESTRACT * LINKEES

APPLIED PHYSICS LETTERSB6, 222109(2005
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response of Schottky contacts: Cubic inclusions in hexagonal SiC
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Finite-element calculations of Schottky diode capacitance-voli@gé) curves show that an array

of subsurfaceinclined quantum wells(QWSs) produce negligible change in shape and slope of
C-V curves, but significantly reduce the intercept voltage. This is particularly important for
hexagonal SiC, in which current- or process-induced cubic inclusions are known to behave as
electron QWSs. These calculations naturally explain the surprisingly large effect of cubic inclusions
on the apparent 4H-SiC Schottky barrier determinedby measurements, and together with the
measuredC-V data indicate the QW subband energy in the inclusions te-0é1 eV below the

host 4H-SiC conduction band. 8005 American Institute of PhysidDOI: 10.1063/1.1935757

We report finite-element calculations and measurementsommercial software package©exPDE (Ref. 9 using the
of capacitance-voltagéC-V) response of Schottky diodes sample geometry shown in Fig. 1. We define the total elec-
when the semiconductor substrate has quantum {@Wgs)  tron potential energy in the host semicondudifi—SiO as
in an inclined geometry with respect to the metal/ ¢pnost P(X,Y,2)+Espnost Where Esg ot IS @ constant
semiconductor interface, with sufficient density to depleteequal to the host SBH at the metal interface. The total po-
the host semiconductor of free carriers. In this case, fre¢ential energy in the QWs is thereforé.qw=dbiothost
carriers are concentrated in the QWs, but can move freely AEqy=¢(X,Y,2) +(Esg.nost AEqw). The electrostatic po-
toward the metal interface in response to an applied ac or dential energy®(x,Yy,2) is determined by solving the Poisson
voltage. This geometry is particularly relevant for hexagonakquationV? ¢/(-q)1=—p(X,y,2)/ e, Wherep(x,y,z) is the
SiC, a wide band-gap semiconductor with great promise fonet charge density inside the semiconduaids the elemen-
applications in high-temperature, high-frequency, and hightary chargeg, is the vacuum permittivity, ane is the rela-
power electronic devices. Basal-plane inclusions with locative dielectric constant of the semiconductor. With these defi-
cubic “3C” stacking often form in hexagonal SiC during de- nitions the metal Fermi level is the reference energy, and
vice operatiof'T2 and/or processir?gswith aninclined geom-  ¢(x,y,00=0 along the metal interface. The net charge
etry for most SiC surface miscut angles. These cubic inclugensity is p(x,y,z)=q[Ng—n.(x,y,2)], where Ny is the
sions have recently been shown to act as unique “structurgionor density andn, the free electron density. In
only” QWs (Refs. 6-8 which can deplete the surrounding the  host semiconductor, n, is given by*
hexagonal SiC host and strongly impact device performancey = (M_/4)(2m"kgT/ 7#2)32ex (Er s~ drornos) /K T], where
Since C-V measurements are commonly used for SEMICONE_ =—qV, is the Fermi energy in the semiconductor with an

ductor characterization, it is important they be properly in-5 plied reverse bia¥,, M, is the number of equivalent host
terpreted when inclusions are present. We find that calculateghnquction-band minima.m’ is the effective electron

C-V curves for this inclined QW geometry have the Usua|density-of-states mass in the hostz is Boltzmann’s
linear shapéplotted as 1C? versus applied reverse bids)
and the same slope as for equally doped material without

QWs, but with a shifted intercept voltagé,, that depends (a) i
strongly on the QW energy depfE,y at the physical depth ) ) T_'
where the QWSs start to accumulate free carriers. Hence, c-axis (8" miscut) Y
measuredC-V curves can be used to quantiyEq,y at this Pt overlayer

mined. Our calculations provide a natural explanation for the epi layer
surprisingly large reported efféonf “double stacking fault”
cubic inclusions on the apparent Schottky barrier height
(SBH) determined byC-V, even though~98% of the
metal/SiC interface was unaffected by the inclusid@ur
measur_ed:-v_data Indlcate&EQWE 0.51 &V, in good agree- FIG. 1. (a) Schematic cross-sectional view of sample showing the 3C inclu-
ment W'th an |ndependentsmeasuremerm%w close to the sions(gray+black lineg which start to fill with free carriergelectrons at
metal interfacg~0.53 eV). the depthlL.; below the interface, while the surrounding 4H area remains

Finite-element electrostatic modeling was done with thedepleted even in the bulkb) BEEM image(taken with 1.5 V tip voltage

of a Pt/4H-SiC sample with embedded 3C inclusions. The bright straight
lines show reduced SBH where the 3C QW inclusions intersect the
dElectronic mail: pelz.2@osu.edu metal/SiC interface(More details are given in Ref. 8.
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FIG. 3. Calculated electron potential energy profiles for Diode B along the
particular path perpendicular to the metal/SiC interface shown as a dotted
line in Fig. 1(a). The solid line represents the three-dimensional conduction-
band minimum for bulk 4H- and 3C-SiC, while the horizontal dotted lines
represent the two-dimensional conduction-band minimum of the QW states,
including quantum confinement energy. The overall band bending is de-

present, withAE W:9'350 ev,s, =95 nm, parameters from7 Talalge l, and creased with respect to pure 4H-Si@ashed lingby charging of the QWs
with Ng=1.4x 10'" cm ® (dotted-dashed lineandNy=1.7x 10" cm™® (dot- deep in the bulk, with a corresponding reductionGsV measured SBH.
ted ling. Introducing QWs strongly reduced the intercept voltage, but not|set: Close-up view of QW profile around an inclusion.

the shape or slope of the calculat€eV curves. Changindjy still has little

effect on the intercept voltagéO) MeasuredC-V data from a diode on the

wafer periphery without inclusiong[]) MeasuredC-V data from Diode A . I .
from the central part of the SiC wafer with inclusions. dc voltage, producing &-V response thamnimicsa uniform

material of the same doping but with a much lower Schottky

barrier height. To understand this, we note thauiriform
constant, and: is the reduced Planck’s constant. In the material the measured capacitance under reverse bias is de-
QWs, n.=ogu/d, where ogy=(MmksT/7%%  termined by thedepletion width L. which terminates at the
In[1+exd(Er s~ dror-ow)/ KsT} is the sheet electron density physical depth where the host conduction-band minimum ap-
in a QW," andmy is the QW in-plane effective density-of- proachesEg s and accumulates sufficient free carriers to
states mass, ardlis the QW width. The local surface charge screen the fixed donor charge. In contrast, with inclined QWs
density on the metal can be calculated ag(x,y,0)  the measured capacitance is determined by an “effective”
=eseod(¢/(=0))/ 9z =o, and C-V curves are calculated by depletion widthL.¢ [see Fig. 1a)], which is approximately
monitoring how the average surface charge density dependgyual to the physical deptiihere the conduction band of the
on the applied bias. We include the effectsspontaneous QWs approach Eg and accumulates sufficient carriers to
polarization(SP) in the host semiconductor, which according effectivelyscreen the fixed donor charge in the surrounding
to theory” and recent experimerits'“ should exist in 4H—  host material® This is illustrated in Fig. 3. Since the QW
SiC, and would produce a strong electric field across anyonduction band has lower energy than that of the host, it
(nonpolay cubic inclusions that would shift the QW conduc- reachesE, g at a shallower depthy than for the uniform
tion band relative to the 4H-SiC host. Our calculations asmaterial, broducing alarger capacitance and hence a

sume thaEgg.nose> AEqu, Which is true for all cubic inclu-  smajler intercept voltageBut the shape of th€-V curve
sions in the SiC system and for most other QW systems agmains the same since it is still the host donor derisity
well. ) . _ that determines how much.s must change wherv, is

The central result of these calculations is illustrated INchanged. We emphasize that the shifted intercept voltage is
Fig. 2. The top two curves are qalculaté‘dv curves for a not due to any change in the metal/semiconductor interface
samplewithout QWs, using identical parameters except forIn fact, the calculate®€-V curves would be the same even if

somewhat different donqr de.nS|ty. AS expected, the Calcut‘he QWs happened to terminate just below the metal inter-
latedC-V curves are straight lines with a slope that erend§ace since no free carriers exist in the QVds in the hosk
on the doping, but with an intercept voltage almost indepen- ~ '

dent of doping® As a check, we analyzed these calculated® 0S¢ [© the metal interface.

C-V curves in the conventional wa§,and extracted values C-VVthan?r)ng?em%irse OtthSjHEgliccng?grsW\?tlghsurgsjrsfggeed
for Ny and Egg_nost that are(as expectedidentical to the 9

respective parameter values used to calculat€thvecurves. ?Utl).'c |crjlc~luss!otns(twhhlch arel conﬁ;med 'tl'oh behave aT Q)ﬁ/s d
The bottom two curves in Fig. 2 were calculated with the!NcliNe 0 the sample surface. These sampies had a

same parameters, but now with inclined QWs with a certairf. #M_lightly n-type N-doped epilayetwith specified 1-2
average spacing, in the bulk and each with the same QW * 0'”cm™ doping on a heavily N-doped (~3

" 9cm3) n- i- fe Double stackin
depthAEqy,. In this case, the two calculate@+V curves are % 10" cn™®) n-type Si-face substra \CKing
still straight lines with thesame respective slopess the fault cubic inclusions formed in the substrate during a 90
C-V curves without QWs, but with the intercept voltages min thermal oxidatiohat 1150 °C, many of which extended
shifted by essentially the same amount for both curves. Thigrough the epilayer to the sample surfdsee Fig. 18)].
shift depends stronglyalmost linearly on AEqy, but de- Samples were stripped of their oxide, cleaned and introduced
pends weakly ors, . At first glance, it is surprising that the into our UHV chambef.An ~8 nm thick Pt film was then
shape and slope of the-V curves do not change, since the electron-beam evaporated through a shadow mask to form
QWs greatly alter the free carrier distribution. But since the0.5 mm-diameter Schottky diodes. For comparison, similar
QWs are inclined with respect to the sample surface, fre®t Schottky diodes were made on a piece of the same SiC
carriers in the QWSs can quickly respond to an applied ac owafer close to the wafer periphery, where no inclusions

FIG. 2. Top two lines: Calculate@-V curves without QWs, wittNy=1.4

X 107 e (dashed lingand Ng=1.7x 107 cm™3 (solid line), and param-
eter values from Table |. Changingy has little effect on the intercept
voltage. Bottom two lines: Calculate@-V curves with inclined QWs



222109-3 Park et al. Appl. Phys. Lett. 86, 222109 (2005)

TABLE I. The parameter values from the literatuuitation in parentheseés  ments(not shown on another diodéDiode B), which had

used in finite-element electrostatic modeling. ~50 mV smaller intercept voltage in measurement, and also
had a slightly smaller measured average inclusion spacing of
o m (M :rsld M, d sp s, =79 nm. In this case, the best f_it QW energy depth was
(Ref. 17 (Ref.7) Ref. 18 (Ref. 17 (Ref. D) (Ref. 13 AEqw=0.52 eV, close to the best fit value for Diode A. We
note that spontaneous polarization in 4H-8¥@s included
039m, 036m, 97 3 125nm 1X10°C/m i these calculations as noted earlier. For comparison, we
Note: my: Free electron mass. SP: Spontaneous-polarization. made similar calculations assuming zero spontaneous polar-

ization, and found essentially identical best@itV curves

formed? The C-V measurements were doitesitu after pt ~ Put with best fit valuesAEqy=0.58 eV and 0.60 eV for
deposition. Diodes A and B, respectively.

The open circles in Fig. 2 show measu@d/ data from In summary, finite-element electrostatic modeling shows
the SiC wafer peripherywithout inclusions. These data that the presence of inclined QWs under a Schottky contact
were fit to a straight linénot shown from which were ex- with sufficient density to deplete the host semiconductor will
tracted the SBHEgg os= 1.60 eV and local epifim doping result in aC-V curve that has the same shape and slope as
Ny= ~1.7x 10" cm®. The solid line through the open Without the QWs, but with a significantly reduced intercept
circles is the calculate€-V curve based on the measured vVoltage. These calculations explain the remarkable decrease

Esp.nost and Ng, which as expected matches the measureln the apparen€-V determined Schottky barrier observed on
ments exacﬂy‘ Literature values were used rﬁq;r; n']:, £, 4H-SIiC with embedded double StaCking fault cubic inclu-

M, d, and SP in all calculations hefsee Table)l TheC  sions. Together with measuréttV data, these calculations

-V measured Barrier height is consistent with thé.54 ev ~ give an estimate 0f-0.51 eV for the QW energy depth of

barrier height measured independently on the same diod&e double stacking fault cubic inclusions in 4H-SiC far from
using ballistic electron emission microscocB'EEM),B after the metal interface, which agrees well with an estimate of
accounting for the expected~78 meV “image force ~0.53 eV measured with BEEM at the metal/SiC interface.
lowering™" of the BEEM-measured barrier height for that

doping level. The work at The Ohio State University was supported by

The open squares in Fig. 2 sho@V data measured the Office of Naval Research Grant No. N00014—93—1_—0607
from a Schottky diode with inclusionglenoted as “Diode 2nd NSF Grant No. DMR-0076362. The work at Arizona
A") from a wafer piece close to the wafer center. These datgt@t€_University was supported by NSF Grant Nos. ECS-
were fit to a straight linénot shown which was analyzed in 0080719 and ECS-0324350, and by a Motorola Semiconduc-
the conventional way to estimate the local dopihy  tOF Products Sector Sponsored Project.
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