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A Comparison of Quantum-Mechanical
Capacitance—\oltage Simulators

C. A. Richter, A. R. Hefner, and E. M. Vogel

Abstract—We have systematically compared the results of an 1.2x10° C=¢. s/30nm
extensive ensemble of the most advanced available quantum-me- sz "classical' = |
chanical capacitance—voltage@-V) simulation and analysis pack- -
ages for a range of metal-oxide-semiconductor device parameters. 1.0x10
While all have similar trends accounting for polysilicon depletion
and quantum-mechanical confinement, quantitatively, there is a Ng 8.0x107
difference of up to 20% in the calculated accumulation capacitance T
for devices with ultrathin gate dielectrics. This discrepancy leads ¢
to large inaccuracies in the values of dielectric thickness extracted £ e.0x107
from capacitance measurements and illustrates the importance of %
consistency duringC-V analysis and the need to fully report how & .
such analysis is done. 8§ 40x10 —__NsCU
Index Terms—Capacitance, effective oxide thickness, gate dielec- - 3?;1:1 l'
tric, inversion quantization, MOS devices, polysilicon depletion. 200107 |77 NEMO i
sosee high-frequency
(QM & poly-Si depletion)
[0 X0 ) S I S SR RS SO EPU S N ST R T S
|. INTRODUCTION -3 2 -1 1 2 3

Bias Vo?tage V)
N RECENT years, the continuing decrease of the gate
dielectric thickness in conventional silicon MOS devicesig. 1. SimulatedC-V curves accounting for both QM confinement and
has made it increasingly difficult to predict capacitance-volta@@ S depletion. Simulaed parameters dig = 3.0 nm (2.987 nm for

. . O[10]), Ny = 3x 10*" cm=2, and N,o;, = 5 x 10 cm=2. A classical
(C-V) curves accurately. Thus, predictive TCAD is problemc_y with no QM confinement or poly-Si depletion and a QE+V which

atic and likely to be incorrect. Researchers have developadounts for QM confinement only are also shown for illustrative purposes.
sophisticated methods to simula®-V curves [1]-[8], [10],

[11] in an effort to overcome this difficulty. However, there haglevice capacitance (in accumulation). However, this simple re-
been little work comparing the outputs from such simulators tationship does not hold for thin oxides, and extracting a ac-
check their agreement. In an effort to determine the variabiliiirate physical thickness fro@-V curves is increasingly dif-
between such simulators, we have acquired an ensemble of fi¢glt for oxide thicknesses at and below 2 nm. Two primary
advanced quantum-mechanical (QM) simulation and analygiects, illustrated in Fig. 1, must be considered: quantum me-
packages and compared their results for a matri2-6f curves  chanical confinement, and the finite voltage drop across polysil-
produced for a range of device parameters. icon gates (poly-Si depletion). To avoid the confusion often as-
Currently, one of the most prevalent uses of these @W  sociated withC—\-derived film thickness, the following termi-
simulators is to determine the equivalent oxide thickness (EOfalogy will be used. EOT is the equivalent thickness of SiO
of MOS devices made from alternate (highdielectrics pro- that would produce the san@-V curve as that obtained from
posed to replace SiCas the gate dielectric in future MOS tech+the alternate dielectric system. The capacitive effective thick-
nologies. Finding a replacement gate dielectric is necessannigss (CET(V)) is simply the thickness that is derived directly
order for traditional CMOS scaling to continue, and EQT is ftlom the relationship CET(V3= (eoesio, 4)/C(V), Wheres, is
primary criteria used to assess which materials are technologie permittivity of free spacess;o, is the relative permittivity

cally most promising. Thus, it is critical that the interrelationof SiO,, and C(V) is the capacitance at bias voltage V.
ship of QM CV simulators be well characterized to properly

compare EOT extracted from experimer@aV curves. II. SIMULATORS
Traditionally, the thicknessj, of the dielectric in an MOS

capacitor was easily found by = 4/C,,, wheree is the

dielectric’s permittivity, A is the device area, and,,,. is the

An ensemble of five of the most advanced, one-dimensional
(1-D) , quantum-mechanic&l-V software packages was used
in this comparison:

. . . ) 1) Quantum mechanical-V simulator developed by the
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3.5x10°% pe==mm=======s Ceeoytomm TABLE |
b sioz=0" It PARAMETERS EXTRACTED BY USING Tqm_v6. SMULATED
sl PARAMETERS ARE: TOP,d,, = 1.0nm, N, = 1 x 10*¥cm~%, and
3.0x10 — Nscu Npory = 1 x 102°cm=3%; BOTTOM, d,, = 3.0 nm, N, = 3 x 10*"cm2,
——= Berkeley and N,o;, = 5 x 10*°cm~3. CET Is DETERMINED AT —2.5 V
i 2.5x10° - - - UTQuant
g esess NEMO .
= Simulator CET (nm) | EOT (nm) | Vg (V) [Ny (em™)
o 2.0x10° Berkeley 1.408 0.878 -1.141 | 1.12E18
e NCSU 1.357 0.833 -1.133 § 1.12E18
= 1 5x10° NEMO (1.086 nm) 1.663 1.108 -1.281 | 1.12E18
§ ’ UTQuant 1520 | 0979 -0.948 | 1.20E18
©
O 1.0x10 Simulator CET (nm) | EOT (nm) | Vg (V) [Ny (em™)
Berkeley 3.562 2.849 -1.087 | 344E17
5.0x10°7 NCSU 3.552 2.840 -1.076 § 3.44E17
NEMO (2.987 nm) 3.737 3.012 -1.153 [ 3.19E17
00l UTQuant 3.695 2973 -0.920 [ 3.44E17

-1 0 1
Bias Voltage (V)

from —5 V to 5 V in nominally 50 mV steps$. It should be

Fig. 2. SimulatedC-V curves accounting for both QM confinement andnoted that this voltage range can lead to artificially large elec-

poly-Si depletion. Simulated parameters &g = 1.0 nm (1.086 nm for {rjc fields in the thinnest devices simulated.
NEMO), N, = 1 x 10*®¥ cm=2, and N,o;, = 1 x 102° cm=3.

I1l. RESULTS AND DISCUSSION

4) UTQuant developed at UT-Austin [4]; . . . .
5; IBIV?;J Tqm_\\//6 [:,5' ustin [4] Figs. 1 and 2 show typic&-Vsimulations ford,,, = 3.0 nm

and ford,, = 1.0 nm, respectively (with the exception of the
Three programs are purely simulation packages; Berkeldjicknessusedin NEMO, whichis nominally the seth&’hese
NEMO, and UTQuant. NCSU is both a simulation and analysfigures illustrate that the simulators are in qualitative agreement;
package, while IBM’s Tqm_v6 is only@-Vanalysis program. i-€., the overall shape of tl@&-Vcurves is the same for these four
The simulators all assume a source of minority carriers ffifferent simulators. More specifically, the capacitance value at
the Si_substrate, and therefore produce ideal quasim the minimum is the same for the set. This agreement indicates
curves, or curves obtained in transistor measurements. that the simulators agree on how substrate doping affects the

In simulating C-V curves, Berkeley calculates the eIec-Shape of theC—V curves. The flatband and threshold values of

tron/hole distributions in both inversion and accumulatio eC-Vcurves are also in good agreement with the except.|on
derived by solving the Schrodinger and Poisson equatio t the default parameters used for UTQuant lead to a slight
S

self-consistently with the Fermi—Dirac distribution [S]. NEMO Iftwith respect to the others. This agreement between the sim-

g . ._ulators, where some are based on very different fundamentals
the most physically comprehensive of the ensemble, is,a ' .
nonequilibrium Green's function simulator [2], [11]. In it, (such as NSCU and NEMO) and others that have nominally the

fundamental physics—such as multiband scattering, inelas gme basis (i.e., _L,!'I_'Quant and Berk_eley), instills confidence in
overall capabilities of all these simulators.

scattering, and interface roughness—can be simulated. NC @40 over. there are svstematic trends and imoortant differ-
is based upon a model containing first order physics approx- WEVe, Y ; 'mp !

L . nces between the various simulators. The largest disparity is in
imations that can be rapidly calculated f1], [10]. UTQua T’ue values of the accumulation region capacitance. The NCSU

's another self-consistent, QM Poisson solver [4] lBM,r?nd Berkeley simulators tend to have the largest accumulation
Tgm_v6 is a fast QMC—Vanalysis program that is based upo capacitance for a given set of parameters, while NEMO and

polynomial interpolation from the results of IBM's extensive'U_I_Quant have a lower accumulation capacitance. This dis-

M simulati 3]. i
QM simulations [3] &greement leads G-V curves that appear to be from devices

An n-channel MOS capacitor was chosen as the test struc-, . : . .
ture to compare the various simulators. The MOS capacitor cé'wth different oxide thicknesses. On the other hand, there is

sists of a p-type silicon substrate, ideal Sigate dielectric, surprisingly little difference in the simulateZi-V curves in the

and n-type poly-Si as the gate material. This idealized StrUCthgrie;Eliﬁ? r((ar?é?nérl]toi\t]r:))u:: ?ﬁen?::/grt;;tqtge&;;z'r?:g);vghr:?t?
was chosen in order to best compare the results of the simt}fg-tal a)t/e is simulated (i.e., no poly-Si de IF:ation)
tors themselves. The parameters of the capacitor were varie§fe'& 9 €., No poly P '
create a matrix o€-V curves: oxide thicknesg,,,, = 1.0 nm,
2.0 nm, 3.0 nm, and 10.0 nm; silicon substrate doping,=N

15 —3 17 —3 17 —3 18
1x }))0 cm™, 1 X 10 . cm=, 3 x 10 Cg ! agdl X 1019 1The Berkeley simulator simulates data in steps that are uniform in Si-surface
cm~>; and poly-Si doping, M,;, = 1 x 10" cm™, 5 x 10 potential, and are therefore not uniform in gate bias. A comparable number of
cm—2, and1 x 10%° cm—3. An effort was made to insure thatdata points (200) were simulated
Comparab|e values were used for other parameters inthe Simu|§m NEMO, a minimum mesh of the silicon lattice constant (0.271 547 nm) is
. . . most physically realistic and gives consistent results. Therefore, the thicknesses
tions such as work functions because their default values so

: ) ) h ) "Yfiulated in NEMO are near, but not exactly, the same as the nominal thickness
times varied between simulators. Our simulations were dowgues
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In order to quantitatively determine the relationships among this ensemble, important systematic differences in the re-
the various simulators, we have used Tgm_v6, IBM’s @MV  sulting C-V curves have been observed. The most noticeable
analysis program, to extract a reduced set of parameters @bthese variations occurs in the accumulation capacitance re-
assessment criteria) for each simula@eV curve. These ex- gion and leads to variations in extracted EOT on the order of
tracted values are then used to compare the results for the sifu@- nm for total SiQ film thicknesses in the range 1.0 nm to
lators. This analysis also compares the simulators with the calo nm. This thickness variation is a significant proportion of
culations utilized by Tgm_v6. Table | shows the extracted EOthe total film thickness—up to 20% of the total film thickness.
CET, and N for two different sets of parameters; one set a&the demonstrated discrepancy illustrates that when reporting
d, = 3.0 nm and the other setdj, = 1.0 nm. There is little experimentally derived electrical thickness results, it is impor-
variation in the extracted substrate doping values, as expectaait to describe fully how these values were obtained. The same
In addition, the extracted flatband values are also in moderaegperimental curve can lead to different extracted EOT values
agreement, as expected from the results shown in Figs. 1 alegending upon which QM software is used for the analysis.
2. The simulators are not in such strong agreement for EQTherefore, it is essential that EOT results be presented consis-
There is a maximum differenéeof 0.185 nm between the sim-tently and with sufficient detail to allow the technical commu-
ulations for thed,, = 3.0 nm parameter set, and a maximumity to reliably compare&C—Vresults.
difference of 0.189 nm fod,, = 1.0 nm. This illustrates that
the offset between simulators is not scaling with the thickness of ACKNOWLEDGMENT
the SiG,, and thus becomes a larger problem for thinner gate di-
electrics. The apparent thickness variability is a significant prq-
portion of the total film thickness (up to 20%). This observeq
thickness variability is larger than the EOT thickness contr
value «+0.08 nm) required for the year 2001 by the 199
ITRS [9]. We are currently investigating the possible physic§
assumptions leading to differences between the various simu-
lators such as: the use of approximations for quantum effects
versus a full solution of the Schrodinger equation, wave func-[1] J. R. Hauser and K. Ahmed, “Characterization of ultra-thin oxides
tion boundary conditions at the Si/Sianterface, type of car- L,\‘/lse'?r%lﬁge;t%crabf's\l/ ?23h';¥org§:ifgfg:e{;}ts’E?s'éra\f\;ggégﬂf’yr" ﬁlr\‘g
rier statistics, and models for handling highly doped poly-Si. In AP, 1998, pp. 235-239.
addition to a comprehensive understanding of the physical asf2] R. Lakeet al, “Single and multiband modeling of quantum electron
sumptions, a detailed knowledge of the computational methods gi”;go%zg‘i‘;%%éaﬁgg semiconductor devicdsAppl. Phys. vol.
used to solve the underlying physical equations is necessary ts] s.-H. Lo, D. A. Buchanan, and Y. Taur, “Modeling and characteriza-

fully understand why this suite of programs is not in exact agree-  tion of quantization, polysilicon depletion and direct tunneling effects
ment in accumulation in MOSFET’s with ultrathin oxides,IBM J. Res. Developvol. 43, pp.

o . ) o 327-337, 1999.
Although a significant discrepancy has been identified, it is [4] w.-K. Shih et al, UTQUANT 2.0 User's Guide Austin, TX: Univ.

difficult experimentally to determine which simulator is most ;exssl PFESSbOC_t- 199(73- onlinel..  Availabl §

“ » : : : erkeley evice roup.. nline].. vailable:  www.de-
aeeurate. Typlcelly, physical thickness measurements hav vice.eecs berkeley.edu/gmev/html

minimum uncertainties on the order of 0.2 nm with regards [6] K. S. Krisch, J. D. Bude, and L. Manchanda, “Gate capacitance attenu-

to accuracy. In addition, the active doping concentration and ation in MOS devices with thin gate dielectric$£EE Electron Device
rofiles in the poly-Si gate affect the derived thickness and ., -8t vol: 17. pp. 521-524, 1996.

p poly g . - 7] C. Bowenet al, “Physical oxide thickness extraction using quantum

therefore also must be determined accurately. Thus, while there = mechanical simulation,” iFEDM Tech. Dig, 1997, pp. 869-872.

are systematic differences among the simulators they are if8] S. V. Walstra and C.-T. Sah, “Thin oxide thickness extrapolation from

agreement to levels that are experimentally verifiable. Choosing Zipgg'taﬂ%ee"_’glltige l”ggsureme”EEE Trans. Electron Devicegol.
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