HTML AESTRACT * LINKEES

APPLIED PHYSICS LETTERS VOLUME 85, NUMBER 18 1 NOVEMBER 2004

Determination of energy barrier profiles for high- k dielectric materials
utilizing bias-dependent internal photoemission

Julie Casperson Brewer and Robert J. Walters
Thomas J. Watson Laboratory of Applied Physics, California Institute of Technology,
Pasadena, California 91125

L. Douglas Bell®
Jet Propulsion Laboratory, Pasadena, California 91109

Damon B. Farmer and Roy G. Gordon
Department of Chemistry and Chemical Biology, Harvard University, Cambridge, Massachusetts 02318

Harry A. Atwater
Thomas J. Watson Laboratory of Applied Physics, California Institute of Technology,
Pasadena, California 91125

(Received 15 April 2004; accepted 14 September 2004

We utilize bias-dependent internal photoemission spectroscopy to determine the metal/dielectric/
silicon energy barrier profiles for Au/H#3Si and Au/ALO;/ Si structures. The results indicate that

the applied voltage plays a large role in determining the effective barrier height and we attribute
much of the variation in this case to image potential barrier lowering in measurements of single
layers. By measuring current at both positive and negative voltages, we are able to measure the band
offsets from Si and also to determine the flatband voltage and the barrier asymmetry at 0 V. Our
SiO, calibration sample yielded a conduction band offset value of 3.03+0.1 eV. Measurements on
HfO, give a conduction band offset value of 2.7+0.2 @t 1.0 V) and ALO; gives an offset of
3.3+£0.1(at 1.0 V). We believe that interfacial SiQdayers may dominate the electron transport from
silicon for these films. The Au/Hf® barrier height was found to be 3.6+£0.1 eV while the
Au/Al,O5 barrier is 3.5£0.1 eV. @004 American Institute of Physid®Ol: 10.1063/1.1812831

The study of highk dielectrics as a replacement for SiO top gold contact of the sample, which is held vertically.
in complementary metal-oxide-semiconductor devices has The dielectric samples are grown on degenerately phos-
become a field of enormous interést.n this letter, we in- phorous dopeah-type silicon to minimize the voltage drop
vestigate the band-offset characteristics of Higllielectrics  across the depletion region in the silicon, and enhance the
on silicon. We utilize internal photoemission spectroscopy, accuracy of our measurement. The dielectrics presented in
simple optical method developed in the 1988syhich has  this letter are HfQ@ and ALO; grown by atomic layer
seen recent renewed interest in order to gain informatiortdepositionf?'9 Before deposition, samples were dipped in a
about barrier heights, trap states and interface dipoles i6% HF solution for 30 s followed by a 3 min UV/ozone
highk dielectrics® In this technique, a bias is applied acrosscleaning. A,Os films were grown using de-ionized wai@|
a dielectric structure, while tunable monochromatic lightH,0) and trimethylaluminum{Al[CHgz]3), while HfO, films
shines on the sample. At a threshold photon energy, electrongere grown using DI HO and tetraki&iethylami-
from the substratéor metal gatg are excited by internal do)hafnium (Hf[NEt,],). Nitrogen was used as the carrier
photoemission over the dielectric barrféFhis threshold en- gas, and the deposition temperature was 225 °C. The top
ergy corresponds to the barrier height of the dielectric. Usinglectrode is a 12 nm layer of evaporated gold, which is suf-
bias-dependent internal photoemission spectroscopy, Wiciently transparent so that the light source can photoexcite
have determined a barrier height profile as a function of voltcarriers in the silicon. The back contact is indium.
age. By measuring the barrier height at both positive and As a calibration for our experimental system, we ana-
negative voltages, band offsets with respect to silic@m |yzed a 15 nm thermally grown SiOfilm deposited am
also the metal gajecan be determined in addition to the -Sj(1-10€ cm doping. The photocurrent was measured as
flatband voltage and barrier asymmetry at 0 V. the photon energy was scanned at many voltages between

In our experimental system, we utilize a 1000 W Hg—Xe-10 and 10 V. Figure 1 shows the raw photocurrent versus
lamp with a monochromator as our light source. We use ghoton energy spectra for a variety of voltagésom
voltage source/femtoammeter to apply the bias across thep.5 to +3.0 \j. It is evident from these plots that the sign
sample and to measure the current at each bias. The systenmuisthe photocurrent depends strongly on the applied voltage,
computer controlled by LabView so that the light can beand the peaks in photocurrent correspond with the peaks in
scanned between 1 and 6 eV at any bias and photon energig—Xe lamp output(see Fig. 1 insgt For voltages from
step size. A multifunction optical meter is used to determine-10 V up to +0.7 V, negative currents were observed. At
the lamp output spectrum to normalize the photoemissior-0.7 V, the photocurrent switched signs and was positive for
yield. Fused silica lenses are used to focus the light onto thell higher positive voltages. We suggest that for positive pho-

tocurrents, collected electrons originate in the silicon, while

author to whom correspondence should be addressed:; electronic maif€ Negative photocurrents indicate that electrons are mainly
Ibell@pop.jpl.nasa.gov being generated in the metal gate contact. We determined
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Photon Energy (eV) FIG. 3. Barrier height profile as function of voltage for 15 nm $i@h

n-Si. The dotted line indicates the voltage at which the current switches
sign. The square dots on the left of the dotted line are extracted from the
yield”? curves and indicate the barrier for electrons from the metal. The
triangles on the right are the barrier heights extracted from the ¥feld

urves. The circles on the right are from the y#laurves. The triangles
0.7 V to be the voltage where the currents from the metagtnd circles indicate the barrier for electrons coming from the silicon sub-

m?-tChed those coming from the Semi_CondU(?tor- We €XPeGrate. This simulation takes into account image potential barrier lowering.
this voltage to be close to flatband for single dielectric layers.
The next analysis step is to calculate the photocurren

FIG. 1. Current through 15 nm SiJilm as a function of incident photon
energy. Inset: output spectrum of Hg—Xe light source.

Ityzing photocurrent from the valence band of a

yield semiconductot? In order to most thoroughly report the rel-
| o evant results, we have computed offsets based on models
Y=—, (1) assuming both the 2/5 power and the cube root of the yield
P for these situation¥
where| is measured current in amperd,s the absorbed After extracting band offsets for each voltage, we obtain

light power in watts/iw is the photon energy in eV, andis & barrier _height profile as a functiorj of voltage, as can be
the yield in electrons/photon. Each individual current versu$€en in Fig. 3 for 15 nm SiOThe points on the left of the
photon energy curve is divided by the incident photon energ;)’ert'cal_ dotted line are for electrons emitted fr_om the metal,
spectrum. The square root, cube root, or 2/5 power of théhe pomts on the right are for electrons emitted from the
yield is then plotted versus photon energy as is shown in Figiémiconductor. As can be seen, the band offset varies greatly
2 for the 15 nm Si@ sample. Thex intercept is then ex- with applied voltage, and this illustrates that it is of the ut-
tracted and is reported as the band offset relative to the vdl'0St importance to report a corresponding bias voltage as-
lence band of silicon. We assume that most electrons aréciated with a measured band offset. We report our band
emitted from the valence band since the number of fillecPffsets as the point nearest to flat band, where electrons are
initial states is much higher than in the conduction band. Th&€0mMing from the semiconductor, or in the case of our:SiO
literature is in general agreement that the square root is thim, 4.13+0.1 eV. When we subtract the 1.1 eV giand
appropriate power for intercept extraction when considering@P; We find that the Si/SiOconduction band offset is
electrons emitted from a met®! The case where electrons 3:03+0.1 eV. Ultimately, our results for Sjdit well to what

are emitted from the semiconductor is not well resolvediS €xpected for Si© films with image potential barrier
Semiclassical calculations suggest that taking a 2/5 power ¢PWering.” The image potential barrier lowering simulations
the yield is correcf and a quantum mechanical correction to @€ Shown by the black lines and can be represented by the
the theory predicts that the cube root is cortéathen ana-  €duation(in energy units

V=- 1.18.$x(s- X), (2)
005t . n=13 Y q where
o n=2/5
004l| » n=12 ] N =€%1In 2/8mes, (3)
| y ] e is the electron charge, arsgland ¢ are the thickness and
% ‘ Y. A dielectric constant of the insulating layer. The distance of the
< electron from the firs¢source electrode ix. The method for
0.02} . TR : S . .
approximating image barrier lowering is described in Ref.
| 16. The image force was approximated as that of an insulator
0.01F  uasay, =wsay 4 . -
e " between two metallic electrodes. In general, the silicon sub-
0.00 & e i . . strates used in our experiments are highly doped, so this is a
"7 34 36 38 40 42 44 46 reasonable approximation although the thin depletion layer
Photon Energy (eV) in the Si will somewhat modify the result. For SiOwe

assumed an optical dielectric constant of 2.5.

FIG. 2. Yield to the 1/3, 2/5, and 1/2 power. A linear fit to these curves is Similar analyses were completed for @ and HfO,

extrapolated to the axis to provide a numerical value for the barrier height. films on n-Si (0.0001€) cm). The resulting barrier height
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5.0 - y T - - ' Similar analysis can be done for Hf@open symbols in
Fig. 4), but because of the degraded data quality attributed to
45 : leakage from the substrate, it is more difficult to verify our
data by simulation. The dashed curve indicates a barrier low-
§ 40 ering simulation for the Hf@ barrier (HfO, k=22,SiQ,
£ =3.9. The data quality is good when the electrons originate
© a5 __ R from the metalfrom -0.5 to 0.9 eY and we can determine
- L PN a 7; a Au/HfO, barrier height of 3.6+0.1 eV. Using the same
8 ° reasoning as for AD3, based on our data, our best approxi-
30 ; 1 mation for the Si/HfQ barrier height{from valence bangis
3 3.8 eV£0.2 eV. This corresponds to a conduction band off-
25 - L 5; L L : set with respect to Si of 2.7+£0.2 eV. The experimental lit-

erature reports conduction band offsets of 2.0 arild2 eV
Voltage (V) for HfO,, while theoretical calculations predict 1.5 é¥72°
FIG. 4. Barrier height profile for Hf@and ALO; on n*-Si. The data and Further eﬁe(.:ts of barrier Iovx_/erlng in HAILOq h_etero-
barrier height simulation curves on the left hand side of the vertical dashegtructures will be addressed in a paper to be published soon
line represent negative photocurrents. The data and simulation curves on tfgee Ref. 21 for background
right hand side represent positive photocurrents. The open symbols and  The high« field has been plagued by the growth of un-
dATlsOhedSIirll;sreasrtienzﬁ(r:al?;%/\gtlgee;kt\; ;zlijdfrsgnr?l;%fdznednz(r)“d ;E‘r(\else :f%;‘m wanted interfacial layers at the dielectric/silicon interface.
anng(33§ cgrrespond to yieldl data while circles correspondgt{J yié’lﬂdéta. ngr_ess IS bemg, made to decr,e,ase these layers by careful
This simulation considers the maximum barrier height at each voltage an§l€@ning and passivation of the silicon surface before growth,
the depletion region in the silicon substrate. but eliminating these layers completely remains a great
challenge?® Although interfacial layers will in general
modify the measurements, by careful use of our barrier pro-
profiles and barrier height simulations are shown in Fig. 4fjle technique, and by selecting the barrier height at specific
The barrier height profiles for these two materials are notoltages(and thus specific band alignmeme can gain a
nearly as clear as for SO This is particularly true for very good estimate of the band offset of any barrier. We have
HfO,—a result of leakage through the barrier and greateshown that profiling the barrier heights of dielectrics on sili-
difficulty in extracting band offsets from the yield curves. con as a function of applied bias is a very viable and valu-
Transmission electron microscopy analysis revealed that imable technique for determining the effective band offset at
terfacial SiQ layers 2.2 nm thick were present between theany particular voltage.
H_fOz and ALO; dielectrig and semiconductor. These interfa— 13, Kwo, M. Hong, B. Busch, D. A. Muller, Y. J. Chabal, A. R. Kortan, J.
cial layers could be attributed to the UV/ozone clean during p, Mannaerts, B. Yang, P. Ye, H. Gossmann, A. M. Sergent, K. K. Ng, J.
the substrate preparation or a postdeposition 600 °C anneaBude, W. H. Schulte, E. Garfunkel, and T. Gustafsson, J. Cryst. Growth
in Ar+2000 ppm Q, and could account for the higher mea- 251 645(2003.
sured band offsets compared with literature values, thoughgbgl')_w”k’ R. M. Wallace, and J. M. Anthony, J. Appl. Phy8S, 5243
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cqn5|der the chargg thgt is g_enerated m_the metal compares,"\, Afanas'ev, M. Houssa, A. Stesmans, and M. M. Heyns, J. Appl.
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band offsets of 2.78 and 2.15 eV forA&;, while theoretical 23 Chc.)i, H. Harris, S. Gangopadhyay, and H. Temkin, J. Vac. Sci. Tech-

calculations predict 2.8 e¥/*’ nol. A 21, 718(2003.

Downloaded 14 Dec 2004 to 128.103.60.225. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



